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Abstract  
 
Common genetic diseases associated with collagen abnormalities include 
Osteogenesis Imperfecta (OI) and Dentinogenesis Imperfecta (DI). Whilst the 
effects of collagen abnormalities in OI are fairly well-known in bone, there is limited 
information regarding their effects on dentine. This study aims to characterise the 
microstructure of dentinal collagen, using Atomic Force Microscopy (AFM) and 
Scanning Electron Microscopy (SEM) in DI, OI and control primary teeth. The main 
aim of this study was first to develop a demineralisation protocol to systematically 
expose dentinal collagen whilst preventing its degradation. Then, topological 
assessment of the collagen scaffold at the nano scale level and comparison of 
characteristic morphological markers was done. 
 
Sample-specific demineralisation protocols were developed using a combination of 
37% phosphoric acid and 6.5% Sodium Hypochlorite to expose the dentinal 
collagen. The protocol effectiveness was evaluated using Fourier Transform 
Spectroscopy (FTIR) and Raman spectroscopy. (AFM) and (SEM) images of 
exposed dentinal collagen were collected, analysed, and compared to identify 
specific ultrastructural markers. 
 
Dentine sections of 4 control, DI type I (DI associated with OI), and DI type II 
primary teeth were examined under ethical approval. Dentine in both DI type I and 
type II samples showed significantly less numbers of dentinal tubules with varying 
shape and size. Unlike control samples, irregular collagen mesh-network 
arrangements with inconsistent fibril diameter, local swelling, and abrupt 
discontinuity were noted. These observations may explain poor dentine quality and 
adhesion difficulties. 
 
In conclusion, it was hypothesised that the interpretation of results and the 
identification of specific OI/DI markers will guide us into better understanding of the 
nature and management of these rare conditions.  
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Chapter 1 - 
Literature Review
Chapter 1 Literature Review 
 
1.1 Osteogenesis Imperfecta  
 
1.1.1 Definition and Classification 
 
Osteogenesis Imperfecta (OI) is a heterogeneous disorder of bone, typically 
characterized by fragility and frequent fractures.  The National Institute of Arthiritis 
and Musculoskeletal and Skin Diseases identified it to be one of the most commonly 
occurring diseases, in more than two hundred recognized heritable disorders of 
connective tissue. The approximate prevalence of OI is within a range of 1:5000 to 
1:20,000 of births (Huber 2007). Historically, four classical main types of OI were 
identified and classified according to clinical severity, mode of inheritance, and 
associated phenotype presentation (Sillence et al, 1981), as shown in Table 1-1. 
However, the genetic classification of OI on a molecular level was proven to be 
extremely heterogeneous. In 2008, Glorieux described seven most commonly 
known types of OI, classified and subdivided according to associated genetic 
mutation. Type II and III are the most severe forms and least common, and may in 
instances be considered life threatening. In contrast, Type I generally presents as 
mild (Glorieux 2008). The remaining types of OI are moderately deforming with 
similar clinical and radiographic presentations, as shown in Table 1-2. It was in the 
following years of discovery and research that classification of OI expanded into 
fifteen subtypes according to specific genetic defects (Forlino et al, 2011), as shown 
in Table 1-3. 
 
 
Table 1-1 Classical Classification of Osteogenesis Imperfecta as described by Sillence et al. 
(Valadares et al, 2014) 
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Table 1-2 Classification summary of Osteogenesis Imperfecta clinical features in association 
with genetic mutation and mode of inheritance (Glorieux 2008) 
 
 
Table 1-3 Expanded Classification of Osteogenesis Imperfecta as described by Forlino et al, 
showing type versus mode of inheritance, phenotype, and genetic defect (Valadares, 2014) 
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1.1.2 Clinical and Radiographic presentation 
 
Historically, a typical patient diagnosed with OI will usually be of relatively short 
stature, suffer from bowing long bones, abnormal brittleness, vertebral fractures, 
progressive hearing loss, bluish eye sclera, and possibly immobility at an early age, 
as shown in Figure 1-1. See Table 1-4 for detailed description of OI phenotype 
according to pre- and post- natal severity and its possible implications on quality of 
life. However, it has been reported that in rare cases, patients with milder forms of 
OI will have very minor representation of the disease that is almost unidentifiable.  
In recent years, the clinical presentation of OI has changed drastically due to early 
intervention and treatment with Bisphosphonates. Intravenous Bisphosphonate 
therapy was proven to be associated with reduced bone pain and improved 
longitudinal growth, muscle strength, vertebral mass, and general well being 
(Rauch, 2004). Radiographically, OI affected bones will have lower density and are 
generally thinner than normal healthy bones, indicative of osteopenia. Abrupt bone 
tissue curvature will indicate the anticipated breaking point, leading to possible 
fracture, as shown in Figure 1-2. The differential diagnosis of OI includes Bruck 
Syndrome, Juvenile Paget’s disease, Idiopathic Juvenile Osteoporosis, and in some 
cases Child Abuse at the very early years of life (Glorieux 2008). 
 
 
  
 
 
 
 
 
 
 
Figure 1-1 Disability activist Stella Young and motivational speaker Sean Stephenson. Both 
were diagnosed with Osteogenesis Imperfecta at an early age, and were social icons towards 
dealing with the disability caused by this disease through spreading knowledge to the public 
and inspiring others. 
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Table 1-4 Phenotypical features seen in OI diagnosed patients showing grading scale of pre-
natal and post-natal severity and clinical presentation, (F.S. Van Dijk & D.O. Sillence, 2014) 
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Figure 1-2 (A) Radiographic image of six year old boy diagnosed with Osteogenesis Imperfecta. 
Arrows indicates possible fracture sites or breaking points due to weakening of bone at areas 
of extreme curvature (New England Journal of Medicine, issue 3, 2011). (B) Radiographic image 
of a fifteen old year patient showing tubular bones thinning of hands and feet with severe 
shortening, (E. Faqeih et al, 2009) 
 
1.1.3 Causative Factors: Gene Mutation  
 
It was hypothesized that disturbances in the morphology, assembly, and function of 
collagen fibres, specifically in bone, may be a contributing factor in OI. Nearly 90 % 
of patients with OI will have mutations of genes COL1A2 and COL1A1, responsible 
for production and synthesis of collagen type I (Cundy, 2012). Such disturbances 
may also be due to abnormal function of osteoblast cells either affecting 
mineralization patterns and continuity and/or collagen production, insufficient 
synthesis of collagen, and abnormal collagen interactions with other collagen 
molecules and/or minerals. Since osteoblasts are chiefly responsible for the 
mineralization process, as well as collagen production, it was concluded that flaws 
in the mineralization mechanism can also be held accountable to defects seen in 
different types of OI, as shown in Figure 1-3 (Shapiro 2013). In a recent review of 
non-collagenous genes mutation related to bone formation in Osteogenesis 
Imperfecta, it was suggested that specific groups of collagen related proteins is 
found to be responsible for different mutations at different stages of collagen 
formation. More specifically, it was described that collagen- related proteins 
(CRTAP, CyPB, and P3H1) is involved in individual collagen modification; whereas 
(BRIL and PEDF) will modify collagen mineralization. (HSP47 and FKBP65) affects 
collagen cross linking and folding, and finally (Osterix- OSX, OASIS, TRIC-B, and 
WNT1) affects the osteoblastic development, as shown in Table 1-5, (Marini et al, 
2014). A new, more specific and mutation dependant classification of OI is therefore 
established; in which OI is classified into thirteen types. Types I – V will still continue 
to represent 85 – 90% of the diagnosed population, and is related to COL1A1 and 
COL1A2 gene mutations. 
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Figure 1-3 Schematic drawing illustrating the mineralization mechanism. X’s indicate possible 
areas of interruption of the mechanism, which may alter the bone structure resulting in defects 
found in different forms of (OI). Abbreviations: NCP- non collagenous proteins, Alk P- Alkaline 
phosphatase enzyme, HA- hydroxyapatite, ECM- extracellular matrix.(Shapiro 2013) 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1-5 Classification of Osteogenesis Imperfecta according to mode of inheritance and types 
of genes defect encoding the collagen related proteins (Marini et al, 2014) 
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1.2 Dentinogenesis Imperfecta  
 
1.2.1 Definition and Classification 
 
Dentinogenesis Imperfecta (DI), or opalescent teeth disease, is an inherited disorder 
in which dentine quality is affected. The most commonly used classification of DI 
was originally proposed by Shield et al, (1973). DI is classified into three main 
groups, Type I (DI associated with OI, an autosomal dominant trait), Type II (also an 
autosomal dominant trait, but with no OI association), and Type III (thought to have 
occurred as variable of DI Type II). DI in general is believed to affect 1 in 6,000 to 
8,000 people (Takagi & Sasaki 1988); however DI type III, also called ‘Brandywine 
isolate’, was described as an extremely rare form with highest incidence of 1 in 15 in 
the sub-population of Maryland (Witkop, 1957). 
 
1.2.2 Clinical and Radiographic Features  
 
Clinical and radiographic representation of DI varies greatly between and within its 
types. In DI type I, primary predecessors will be more severely affected than 
permanent teeth. While in type II both dentitions are affected equally. 
Radiographically, DI type II and primary dentition in type I will show pulp obliteration, 
unlike type III which is characterized by thin dentine and huge pulp chamber. DI type 
III teeth are frequently referred to as ‘Shell Teeth’ (AAPD Guidelines, 2013), as 
shown in Figure 1-4. Furthermore, DI affected teeth will often have short roots and 
bulbous crowns, with a significant constriction at cement-enamel junction (Pettiette 
et al, 1998), as shown in Figure 1-5. Intraorally, Teeth are described as being 
translucent with discolouration hue ranging from yellowish brown to greyish blue, 
and with an increased susceptibility to wear and fracture, as shown in Figure 1-6. It 
is believed that the cause of frequent tooth wear and enamel breakage is due to 
defective EDJ (Enamel Dentine Junction), (Wieczorek and Loster, 2013). In a very 
recent study, severity of affection of DI teeth was cross matched with clinical and 
radiographical features, as shown in Table 1-6. It was found that milder forms will 
have little to no typical signs in primary teeth, with the expected ‘thistle like’ shape of 
pulps in permanent successors, shown in Figure 1-5. However, severe forms will 
show all the DI features, with noted pulpal enlargement in permanent successors. 
Additionally, attrition due to spontaneous enamel chipping caused by altered enamel 
dentine junction (EDJ), and dentinal wear; accompanied by increased number of 
periapical pathology was repeatedly reported in the more severe forms of DI, (Dure-
Molla, et al 2014).  
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Figure 1-4 Periapical radiograph of posterior and anterior teeth showing poorly calcified 
irregular, thin enamel and dentine with wide pulp chambers- resembling the ‘’shell’’ appearance 
(Sapir & Shapira, 2001) 
 
 
 
 
 
 
 
 
(A) (B) 
Figure 1-5 Radiographic appearance of two children’s teeth ,both affected with Dentinogenesis 
Imperfecta (DI). (A) Shows constricted cement-enamel junction resulting in the morphological 
bulbous crown shape, with partially obliterated root canals and ‘thistle shape’ pulps. (B) Shows 
the characteristic short, and obliterated roots of posterior primary teeth, with multiple periapical 
pathology indicated by arrows. (Pettiette et al, 1998) 
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Figure 1-6 various intraoral appearances of permanent dentition in patients affected with 
Dentinogenesis Imperfecta (DI). (A) DI types I and II. (B) DI associated with OI type III. (C) DI 
associated with OI type IV, (Malmgren & Norgren 2002). (D) Shows primary dentition affected 
with DI types I and II, with quite similar appearance. Notice unaffected permanent successors in 
DI associated with OI in third right- end photograph. 
 
 
 
 
 
 
 
 
Table 1-6 Radiographic and clinical signs of Dentinogenesis Imperfecta (DI) affected teeth 
showing variance of affection ranged from mild to severe, according to the dental phenotype of 
DI criteria (Dure-Molla et al, 2014) 
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1.2.3 Causative factor: Gene Mutation 
 
A gene called dentine sialophosphoprotein (DSPP) is responsible for the production 
of DSPP derived proteins within the dentinal matrix. The DSPP gene belongs to a 
family of non-collagenous proteins called ‘’ Small Integrin Binding Ligand N-linked 
Glycoprotein or (SIBLING)’’. DSPP is located on chromosome 4 q 21, as shown in 
Figure 1-7, which encodes non collagenous proteins (NCP) and lipids. DSPP 
derived proteins are composed of three major proteins: dentine phosphoprotein-
DPP, dentine sialoprotein-DSP, and dentine glycoprotein-DGP. As predentine is 
transformed into dentine, DPP is secreted by the odontoblasts to the mineralization 
front and thus is involved in the dentine collagen matrix initial mineralization 
(Malmgren et al, 2004). Other derivatives of the NCP group includes growth factors, 
proteases (matrix metalloproteinases and its inhibitors- MMP and TIMP); which all 
interacts and ultimately contribute to initiation of the mineralization process and 
scaffold building within dentine, (Butler, 2002). It was proposed that all DSPP 
related diseases should be considered as a form of DI, (Dure-Molla et al, 2014). 
Thus, reduction or genetic mutation of the DSPP gene will result in defective and 
improper mineralization of dentine (Lee et al. 2013). Most recent studies have 
shown eight known DSPP gene mutations, seven of which are associated with DI 
type II and III, as shown in Table 1-7, ( J.W. Kim et al, 2004). 
 
 
 
 
 
 
 
 
 
 
Figure 1-7 Schematic representation of chromosome 4,  (q- long arm, p-short arm) with DSPP 
gene located in the long arm position 21 (MacDougall, 2006)  
 
 
à  DSPP 
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Table 1-7 Summary of inherited dentine defects associated with DSPP mutations. DD – Dentine 
Dysplasia , DG – Dentinogenesis Imperfecta; ( J.W. Kim et al, 2004)  
 
 
1.2.4 Prevalence of Dentinogenesis Imperfecta  
 
The prevalence of DI in patients with OI varies considerably, ranging from 28% to 
73%. DI is more commonly associated with OI type III than OI type I and IV 
(Malmgren & Norgren 2002). Before we can investigate the ultrastructural defects of 
dentine, it is essential to understand the process of dentine formation, 
mineralization, and synthesis of dentinal collagen. 
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1.3 Dentine 
 
1.3.1 Dentinogenesis 
 
Dentine is a bone-like matrix characterized by multiple closely packed dentinal 
tubules found along its entire thickness. These tubules contain the cytoplasmic 
extensions of odontoblasts. Odontoblasts are the cells responsible for forming the 
dentine and maintaining it. The cell bodies of the odontoblasts are aligned along the 
inner aspect of dentine against a layer of predentine where they also form the 
peripheral boundary of the dental pulp (Marshall 1993). Dentine is a calcified tissue 
formed by a process called dentinogenesis, which results in the conversion of 
unmineralized predentine to mineralized dentine. Initially, odontoblasts secrete an 
organic matrix containing collagen fibers next to the inner enamel epithelium, in a 
process known as collagen apposition, as shown in Figure 1-8. As odontoblasts 
move towards the pulp, they form an extension referred to as the odontoblastic 
process, which is a cytoplasmic extension that slenderizes gradually, penetrating an 
un-calcified zone known as predentine. This zone is composed of a collagen 
network that shapes the dentinal tubules (Niño-Barrera et al. 2013). Dentinal tubules 
radiate from the dental pulp throughout the entire dentine. The tubules are 1 to 3 µm 
in diameter, described as an S-shaped curvature, and are very densely packed 
(Linde & Goldberg 1993).  Dentinal tubule branching, otherwise known as enamel 
spindles or dentinal canaliculi was also reported in literature, (Luciane R.R S. Costa, 
2002). These branches can be differentiated according to direction, size, and 
location into Major, Fine, and Microbranches, (Ivar A. Mjör, 2009). Major branches, 
also called terminal branches, are Y-shaped and may have a diameter similar to a 
main tubule, (Mjor and Nordahl, 1996). Fine branches on the other hand, are most 
commonly found in root dentine and branch off at an angle of 45 degrees, unlike 
microbranches that can be seen anywhere within dentine and branch off at a 90 
degrees angle, (Ivar A. Mjör, 2009). 
  
Then, biomineralization of dentinal tissue takes place. Biomineralization is a process 
by which cell-mediated deposition of (HA) hydroxyapatite is deposited in the (ECM) 
extra cellular matrix.  Literature has described the presence of three distinctive sites 
of mineralization, which were identified as a resultant of the dentinogenesis process. 
These are: 1. Cell – derived matrix found in mantle dentine, 2. (ECM) Extra cellular 
matrix molecules – derived found in almost all of the dentinal tissue, and 3. Blood 
serum – derived precipitation found in peritubular dentine, (Goldberg et al, 2012).  
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1.3.2 Dentine Types, Composition, and Histology 
 
The first layer of dentine is primary dentine or mantle dentine, which is deposited 
peripherally in the dental papilla beneath the enamel. It forms in the tooth germ, and 
lacks any tubular structures. The rest of the primary dentine is referred to as 
circumpulpal dentine. A layer of hypomineralized interglobular dentine separates 
mantle from circumpulpal dentin. It has been reported that mantle dentine is less 
mineralized than circumpulpal dentine. The circumpulpal dentine may be divided 
into intertubular dentine and intratubular, also referred to as peritubular dentine. 
Peritubular dentine creates the wall of the dentinal tubules, while intertubular 
dentine is located between dentinal tubules. In the most peripheral part of dentine, 
only intertubular and mantle dentine is found, due to lack of dentinal tubules. 
Increased mineralization and occluding of dentinal tubules will result in sclerotic or 
transparent dentine. Ultrastructurally, the intertubular dentine has a less compact 
appearance than the peritubular dentine, as shown in Figure 1-9. A layer of 
predentine is located on the pulpal aspect of dentine, between the mineralized 
tissue and the loose connective tissue of the dental pulp. This is an unmineralized 
organic matrix, primarily comprising collagen, and without any inclusion of cell 
bodies (Linde & Goldberg 1993). Predentine is a zone for the formation, secretion, 
and maturation of the collagen meshwork, whereas other phosphorylated non 
collagenous proteins (NCP) are secreted more distally in what is called 
‘metadentine’ located near to the mineralization front, (Goldberg et al, 2012).  
 
Secondary dentine is the subsequent dentine that is formed with uneven deposition 
of organic matrix. It will start forming after root dentine is completely formed, and 
due to its physiologic nature it will continue on forming during the entire vital life of 
the tooth. Furthermore, Tertiary dentine may form later during the life of the tooth as 
the results of pathological stimuli, as shown in Figure 1-10. Tertiary dentine is 
divided into reactionary dentine, formed by the surviving odontoblasts, and 
reparative dentine. Early studies suggested that reparative dentine is formed by 
newly differentiated odontoblast-like or odontoblastoid cells (Smith et al. 1995), 
however in more recent studies it was argued that reparative dentine does not result 
from odontoblastic activity, but rather by pulp progenitors that are considered to be 
mainly responsible for formation of bone – like structures such as pulp stones 
(Goldberg et al, 2012). 
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Figure 1-8 Dentine and dentinal tubule formation. (a) Photomicrographs of dentine containing 
dentinal tubules. Frontal view showing AFM image of dentine cross-section with tubules 
indicated by arrow. The transversal view is a schematic representation of tubules trans-versing 
along dentine thickness (b) Dentine structure. Odontoblasts elongating forming the 
odontoblastic process. Cell Nucleus in purple. (c) Dentine formation. Odontoblast displacement 
towards the pulp, while collagen apposition occurs in the opposite direction. Odontoblast will 
release non collagenous dentine phosphoproteins (DPP) to mineralize matrix, (Marshall 1993).  
 
 
 
 
 
 
 
 
 
 
Figure 1-9 Schematic diagram showing location site of peritubular and intertubular dentine in 
longitudinal (top image) and cross-section (bottom image) views (Grayson W. Marshall et al. 
1997). 
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Figure 1-10 Dentine Types Hierarchy. Showing the histological classification of types and layers 
of dentine found and differentiated ultra structurally.  
 
Dentine is 70 % mineralized by weight with the organic content accounting for 20% 
of the matrix, and the remaining 10% being water. Type I collagen is the primary 
component of the organic portion of dentine, accounting for more than 85%, with the 
remaining amounts collagen type III and V. The collagen fibers, 70 to 100 nm in 
diameter, are displayed in a consistent distribution of interrupted striations and 
thinner fibrils, thus forming an overall collagen network. The non-collagenous part of 
the organic matrix is composed mainly of dentine phosphoprotein (DPP), accounting 
for nearly 50% of the noncollagenous part. The remaining Inorganic matrix is 
composed primarily of crystallite structures named Calcium Hydroxyapatite (HA), 
with a chemical formula of Ca10 (PO4)6 (OH) 2 (Hart & Hart 2007). A study on the 
differential expression patterns of the dentine matrix protein during mineralized 
tissue formation hypothesized that odontoblasts do not synthesize an organic matrix 
that is homogenous in composition, but rather well defined zones of mineralized 
tissue is produced with different distinctive properties. It is therefore concluded that 
(NCP) non collagenous proteins are present in a heterogeneous mixture which is 
operated within a genetically controlled program that regulate mineral crystal 
nucleation, placement direction, and size (Hao et al, 2004).  
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1.3.3 Dentine in primary vs. permanent teeth 
 
It is suggested that primary tooth dentine is less mineralized than permanent tooth 
dentine. The number of the dentinal tubules is larger and closer to the pulpal 
surface, leading to an increased dentinal permeability in primary teeth, as shown in 
Figure 1-11. In both primary and permanent dentine, dentinal tubules seemed to 
increase in number and diameter with a significant statistical difference between 
superficial, middle, and deep (nearest to the pulp) dentinal layers, as shown in 
Figure 1-12. There was statistically insignificant difference observed in terms of 
tubule diameter between permanent and primary teeth, as shown in Figure 1-13.  
However, it was found that tubule density (number of tubules) is higher in primary 
teeth dentine. This feature might lead to the jeopardizing of bonding of different 
adhesive systems used with tooth restorations, and may explain the relatively 
frequent failure of adhesive restorations in primary teeth, (Lenzi et al, 2013).  
 
Higher concentrations of mineral content comprising of calcium and phosphorus 
have been measured for permanent teeth than for primary teeth. In a microhardness 
study, the dentine from the central area of the crowns of permanent teeth was 
shown to be harder than dentine from the same area of primary teeth (Feigal et al. 
1997). There is a definite difference in the direction of dentinal tubules in primary 
tooth dentine when compared with permanent tooth dentine. In permanent dentine, 
dentinal tubules have an S-shaped curvature believed to be resulting from 
odontoblasts crowding as they move from the periphery towards the center of the 
pulp. However, in primary teeth dentine, the dentinal tubules has a straighter 
course, due to less crowding of the odontoblasts, as shown in Figure 1-14  
(Chowdhary & Subba Reddy 2010). 
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Figure 1-11 Scanning electron microscope (SEM) images of superficial, middle, and deep 
dentinal layers respectively, as seen in primary and permanent teeth. (A) Primary teeth dentinal 
sections, and (B) Permanent teeth. (Lenzi et al, 2013) 
 
 
 
 
Figure 1-12 Schematic diagram of Tooth longitudinal section showing dentinal tubules 
distribution. Smaller and more sparsely distributed tubules are seen close to dentino – enamel 
junction in superficial coronal dentine (A), compared to deeper layers (B). Conversely, dentinal 
tubules in root dentine (C) and (D) are generally less numerous and smaller in size. (Heymann 
et al, 2013) 
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Figure 1-13 Statistical graphs showing comparison between dentinal tubular findings between 
permanent and primary teeth. (A) Is displaying standard deviation and mean number of dentinal 
tubules per mm2 across superficial, middle, and deep layers of dentine thickness with 
statistical significant difference of (p < 0.05). (B) Shows tubular diameter mean with values in 
(µm), no significant difference is found between primary and permanent teeth dentine, however 
tubular diameter increases as it gets closer to deep layers near the pulp. (Lenzi et al, 2013) 
 
 
 
 
 
 
 
 
  
 
Figure 1-14 Dentine surface seen under polarized light microscope. (A) shows the characteristic 
S – shape curvature of dentinal tubules mode of arrangement in Permanent dentine. (B) shows 
dentinal tubules in Primary dentine following a straighter path. (Chowdhary & Subba Reddy 
2010) 
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1.3.4 Dentinal collagen  
 
Dentine is mainly composed of fibrillar collagen and dahllite – crystal like structures. 
The mineralized collagen meshwork is chiefly seen in intertubular dentine, with the 
fibril arrangements set in incremental layers, orthogonal (at right angles i.e. 
perpendicular) to the tubules, and are more regular in the root dentine. However, in 
the crown, dentine fibrils are arranged at angles along the orientation of the dentinal 
tubules, (Marten et al, 2010). Similar to mineral in calcified tendon and bone, 
mineral in dentine is located either ‘’intra / inter -fibrillar’’ between collagen fibrils, or 
‘’extra- fibrillar’’ in attachment to it, (Lees et al.,1997 and Wassen et al., 2000). A 
study on the mineral in collagen ‘’inter -fibrillar mineral’’ of human crown dentine 
encompassing small angle X-ray scattering and Micro CT analysis, theorized that 
high degrees of co- alignment exists in relation to the (DEJ) dentine enamel junction 
plane. Since ‘’inter fibrillar minerals’’ mainly lie within collagen fibrils main axis, it 
was assumed that mineral particle orientation varies across crown dentine 
thickness, from being parallel to dentinal tubules and orthogonal to the dentine 
enamel junction plane beneath tooth cusps; and vise versa in cervical regions, as 
shown in Figure 1-15, (Marten et al, 2010).  
 
It was concluded that the properties of dentine vary with fibril orientation, which 
varies significantly over the entire thickness of dentine (Kinney et al. 2001).  Ultra 
structurally, intertubular dentine is characterized by a thick mesh of 50-100nm 
mineralized collagen fibrils similar to the primary dentine in the root (Fratzl 2008). It 
is suggested that lateral aggregation of collagen will result in a progressive increase 
in the diameter of collagen along dentine thickness, such as that collagen fibrils 
situated near cell-bodies / odontblasts in proximal predentine have a mean diameter 
of 20 nm. Mean diameter then increases to 40 nm in the central part, and finally 
reach 50 nm – 75 or 100 nm near the mineralization front in the most distal part, 
(Goldberg et al, 1987) and (Silver et al, 2004). 
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Figure 1-15 Figure showing 2 – D whole color coded longitudinal section of tooth with an 
outline corresponding to dentine enamel junction (DEJ). (P) represents mineral particle 
orientation and the degree of mineral co-alignment in dentine, on a scale from 0 – 1. 0 means no 
alignment is taking place, and 1 equals perfect alignment of minerals. Small overlaid black lines 
also represent direction of mineral particle orientation. HR marked areas marks the approximate 
positions of high resolution scans, and position of an obtained 3 D scan of the specimen is also 
shown. (Marten et al, 2010). 
 
 
1.3.5 Dental and Clinical implications 
 
The dentine-enamel junction serves as a mechanical interface in which collagen 
fibre orientation and mineral arrangement seems to be a key factor contributing to 
tooth longevity. Modern restorative dental methods are based on acid etching of the 
mineral phase to reveal the collagen fibril network, which is subsequently embedded 
with resins that may easily be cross linked and polymerized (Eliades et al. 2005). 
The effect of phosphoric acid etching on dentine was examined and a collagen-rich 
layer that developed as a result of demineralisation was reported, which could 
interfere with adhesive agent penetration (Marshall et al. 1997). Hence, the 
understanding and preservation of the dentinal collagen structural integrity is 
considered essential to ensure the success of a tooth restoration.  
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1.4 Collagen Ultrastructure 
 
1.4.1 Definition 
 
Collagen is a complex hierarchical structure presenting as a main component of 
extracellular matrix and connective tissue. It is the most abundant protein in 
mammals, making up to 30% of total protein content in the human body. It is 
believed that type I collagen comprises at least 90% of total collagen (Di Lullo et al. 
2002).  
 
1.4.2 Types  
 
More than 28 genetically distinct collagens have been identified by their polypeptide 
sequence and are classified by function and domain homology into: i) fibril forming 
collagen; ii) fibril-associated collagens with interrupted triple helices (FACITs); iii) 
network-forming collagens; iv) transmembrane collagens; v) endostatin-producing 
collagens; vi) anchoring fibrils; and vii) beaded-filament-forming collagen. Collagens 
found in humans are fibril forming, constituting mainly of type I collagen. Type I 
collagen molecules are found in load bearing tissues such dentine, bone, ligaments, 
and tendons (Abou Neel et al. 2013). 
 
1.4.3 Molecular Structure and Biosynthesis of Collagen Type I 
 
Type I collagen is one of the largest macromolecules, synthesized by osteoblast 
cells as a soluble form of procollagen made of globular C- and N- propeptides or 
monomers joined together with their respective ends of a triple helix structure, which 
forms the collagen monomer that gets assembled later to ultimately create a whole 
collagen fibril. Type I procollagen is composed of two Alpha 1 and one Alpha 2 
chains, each of about 1000 amino acids (Di Lullo et al. 2002). These alpha chains 
will coil up to form the triple helix structure, constituting microfibrils made of 
overlapping bundles of monomers. Adjacent monomers overlapping gives rise to a 
basic repeat structure called ‘D- period’, usually found to be 67 nm in width. Each D-
period consists of an “overlap” and a “gap” zone, which appear as alternating light 
and dark bands in negatively stained preparations or as a pattern of fine cross-fibril 
bands (called “a,” “b,” “c,” “d,” and “e” bands) in positively stained preparations 
(Chapman et al. 1990). A triple helix is generally characterized to be made up of 
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three polypeptide chains with the repetitive sequence of Glycine-X-Y amino acids, 
where X and Y will often corresponds to proline and hydroxyl proline respectively. 
Assembly of these three alpha chains will result in the formation of procollagen, 
(Gelse 2003). This will be followed by secretion of the procollagen molecule from 
the cell into the extra cellular space where a process named cleavage takes place, 
resulting in the formation of tropocollagen. Cross linkage and self assembly of the 
resulting tropocollagen molecules will form the collagen fibril with the classic 
appearance of striated fibers of repeated periodicity of 67 nm i.e. D- Banding. 
Hydrogen bonds will form to stabilize the 3 D structure of the tropocollagen, while 
covalent bonds will form between tropocollagen molecules to stabilize the collagen 
fibril, as shown in Figure 1-16 and Figure 1-18. 
 
Collagen has been described as a triple helix (right-handed coil of three left-handed 
polypeptide helices) which is usually presented as a commonly known model named 
“Quarter staggered stacking model” of a collagen fibril where five tropocollagen 
molecules are staggered side-by-side with an offset of D=67 nm with gap of 0.6D 
and overlap of 0.4D regions appear, (Abou Neel et al. 2013), as shown in Figure 1-17. 
 
 
 
 
Figure 1-16 Fibrillar procollagen and fibril assembly. N- and C- terminal processing leads to 
spontaneous assembly of fibrils which are subsequently stabilized by formation of covalent 
cross-links.(Gelse 2003) 
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Figure 1-17 Collagen fibres, extracted from human tendon, as seen under electron microscope, 
which shows the characteristic banding pattern of collagen type I on higher magnification 
(Chapman et al. 1990). 
 
 
Figure 1-18 Type I collagen fibrillar and monomeric structure. (A) Showing quarter staggered 
form with 40 nm gaps between 300 nm long fibrils resulting in D-period average of 67 nm. 
(Gelse 2003) (B) Shows Appearance of Type I collagen imaged by transmission electron 
microscopy (TEM) and visualized through positive and negative staining (Chapman et al. 1990).  
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It was assumed and largely accepted that the D-banding periodic spacing of 
Collagen Type I is 67 nm on average; however this value is based on examination 
of a theoretical model of single collagen fibril in isolation. A study in 2010 that 
focused on the nano scale distribution of collagen in bone, tendons, and teeth 
showed that the average D- banding periodicity will actually range from 63 nm to 71 
nm in dentine (Wallace et al. 2010), as shown in Figure 1-19. 
 
 
 
 
 
 
 
 
 
 
Figure 1-19 Graphic representation showing D-periodic spacing of collagen type I, against total 
cumulative density function of three tissues: Tendon, Bone, and Dentine. (Wallace et al. 2010) 
 
 
1.4.4 Bone ultrastructure: Collagen and Matrix 
 
1.4.4.1 Matrix Composition 
 
Hydroxyapatite (HA) crystals are deposited through osteoblast secretion on the 
matrix formed by collagen fibril meshwork. Studies have shown that the overall 
hydroxyapatite crystals in OI are smaller in size and slightly different in chemical 
composition, in comparison with normal bone. Moreover, macromolecules named 
Proteoglycans (PGs) found abundantly in the extracellular matric (ECM), plays a 
role in collagen fibril synthesis and maintaining structural integrity. Small Leucine 
rich PGs, also known as (SLRPs), are found plentifully in mineralized matrix of 
normal bone; but in a much lesser numbers in OI affected tissues (Huber 2007; 
Shapiro 2013) .  
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1.4.4.2 Collagen ultrastructure in Osteogenesis Imperfecta 
 
Mutations in OI are classified as Autosomal Dominant and Autosomal Recessive 
mutation.  In normal collagen type I biosynthesis, alpha 1 and alpha 2 polypeptide 
chains are translated from COL1A1 and COL1A2 genes respectively, which 
promote folding of the typical triple helix structure of the pro-collagen. Each chain is 
made of approximately 1000 amino acids consisting of uninterrupted triplet repeats 
of Glycine, the smallest amino acid, as shown in Figure 1-20. Glycine is therefore 
responsible for ensuring the formation of a tightly interwoven triple helix. 
Substitutions of Glycine to Serine in the domain of the triple helix of alpha 2 and 
alpha 1 chains in collagen type I was found to be the most frequent, with more 
severe phenotype representation in cases of alpha 1 serine substitutions, (I. Mouna 
Ben Amor et al, 2011). It was established that most of OI affected patients with 
mutation of glycine will have a clinically detectable DI with variance of its prevalence 
according to affected residue of glycine position, (Frank Rauch et al, 2010); see 
Figure 1-21. 
Mutation of COL1A1 and COL1A2 genes falls under the Autosomal Dominant 
mutations umbrella. More than 250 mutations of COL1A1 and COL1A2 genes have 
been identified, which explains the phenotype variability in the different types of OI 
(Huber, 2007).  In rare events, an Autosomal Recessive mutation of gene encoding 
proteins such as FKBP65 (FK506 binding protein 65), HSP47 (Heat shock protein), 
CRTAP (cartilage associated protein), P3H1 (prolyl hydroxylase), CYPB (cyclophilin 
B), BMP1 (bone morphogenic protein), PLOD2 (procollagen telopeptide lysyl 
hydroxylase 2), and Osterix- key transcription factor; will also result in OI related 
defects specifically ones associated with types VI and VII, as shown in Figure 1-22. 
Additionally, mutations in gene encoding PEDF (pigment epithelium derived factor) 
was also linked to autosomal recessive forms of OI (Shapiro 2013).  
 
 
  
 
 
 
 
Figure 1-20 Schematic diagram showing Glycine sequence in the Alpha chain constituting 
procollagen triple helix structure. (Namrata 2013) 
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Figure 1-21 Genetic sequencing showing relationship between anomalies such as (DI)- 
Dentinogenesis Imperfecta, Deformity and/or fractures of bone (DFB), and Blue sclera (BS) 
absence (-) and presence (+); and collagen type I alpha 1 and 2 chains glycine mutation position 
within the triple helix structure. Specific glycine positions mutations leading to DI resides in 
stretches between Gly655 and Gly286 (Frank Rauch et al, 2010) 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1-22 Schematic diagram showing gene translation of alpha 1 and 2 chains by COL1A1 
and COL1A2 ultimately resulting in the triple helix structure of procollagen with C- and N- 
terminal propeptides. It will then be excreted to the extracellular matrix (ECM) to get assembled 
into a whole collagen type I fibril. This diagram also shows stage at which autosomal recessive 
gene mutation might end up affecting behaviour of gene encoding proteins and production of 
procollagen. Mutations in proteins such as CRTAP, CYPB, PLOD2, FKBP10 and FKBP65 have 
recently been linked to OI. (Shapiro 2013) and (F.S. Van Dijk & D.O. Sillence, 2014) 
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  Studies of the collagen ultrastructure in OI have shown that the collagen fibrils 
were significantly smaller in fibril diameter. It was noted that fibril diameter is 
inversely proportional with severity of the clinical picture. This means that smaller 
diameters of fibrils will contribute to the more severe types of OI. This was proved 
by examining the fibril diameter of OI lethal type II which had the smallest diameter, 
and milder forms of OI type I, III, and IV having larger diameters in comparison 
(Stöss & Freisinger 1993), as shown in Figure 1-23. Another study that used dual 
energy X-ray absorptiometry to measure bone mineral content (BMC) and density 
(BMD), in relation to quantitative and qualitative collagen defects in OI patients, 
showed overall reduction in BMC and BMD values. Patients with a qualitative 
collagen defect expressed more severe symptoms of the disease, with larger 
reductions in BMC and BMD scores than ones with quantitative defects (Lund et al. 
1999). It was also mentioned that broadening of the D-banding periodicity and 
spacing variability of collagen D-banding was associated with COLA1 and COLA2 
gene mutation, (Shapiro 2013). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1-23 Table and Bar graph showing mean diameter range (nm) of the average collagen 
fibril in different types of (OI). Note that diameter size decreases with more severe forms of the 
disease. (Sarathchandra et al. 1999) 
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1.4.5 Dentine Ultrastructure  
 
In comparison with normal dentine, DI affected dentine showed vast differences in 
regards to dentinal tubules presences, diameter, and patterns of mineral deposition. 
Reduced numbers of tubules in DI dentine was observed, with areas that where 
completely atubular. This might be due to ‘’over’’ mineralization of dentine, which 
ultimately led to complete blockage of dentinal tubules, however a definitive theory 
as to the exact cause of reduced numbers of tubules in DI dentine is yet to be 
established. Furthermore, tubular diameter were smaller – up to 1 micron, in 
comparison with typical normal diameter average of 4 micron (Lygidakis et al. 1996).  
Additionally, tubules seemed to have areas of interruption with alteration in direction 
as they run through the outer mantle layer to the inner circumpulpal layer. As for 
matrix composition, DI dentine was found to be deficient in the non collagenous 
phosphophoryn protein (Takagi & Sasaki 1988) . A more recent study in 2001 
concluded that DI affected dentine contains 33% less mineral concentration than 
normal, with significantly thicker apatite crystals (Kinney et al. 2001). One of the 
earliest studies on DI noted that dental color was predictive of dentine fragility in 
primary teeth, where increased incidence of enamel fracture and severe attrition 
coincided with yellow-brown hue color in DI types I and II teeth, (O’Connell et al, 
1999). Another study hypothesized that the dentine in these teeth is developed at a 
very rapid rate thus resulting in blood vessels remnants inclusions within dentine 
leading to overall discoloration at times, (Lindau et al, 1999). It was never 
conclusively proved whether mineral content had any relation to the characteristic 
color hue of bluish-grey and/or yellow-brown observed in DI teeth. Very little 
literature was dedicated towards collagen ultrastructure abnormalities in DI affected 
dentition, which will be the main focus of this study. 
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1.5 The Experimental Design- Methods for assessing dentinal collagen 
 
1.5.1 Scanning Probe Microscopy (SPM) 
 
1.5.1.1 Atomic Force Microscopy (AFM) 
 
Scanning Probe Microscopy (SPM) is a set of experimental methods used in 
imaging of surface structures at subatomic resolution (Kubinek et al. 2007) where 
both conductive and non conductive samples can be examined and studied. SPM 
measures the near-field physical interactions between the scanning probe tip and 
the atoms that lie beneath it as it moves. Atomic force microscopy (AFM), a member 
of the SPM family, has become particularly important for the study of biological 
systems. AFM produces three dimensional (3D) images of a surface at atomic 
resolution; even subatomic resolution has been reported for atomic orbitals on a 
silicon surface. Its major advantage is that it can produce high-resolution 
topographic images in aqueous and physiologically relevant environments without 
the need to stain the specimen; the AFM contrast mechanism does not depend on 
atomic number, but simply senses the specimen surface through the force between 
it and a sharp probe that scans the surface (Ho 2003).  The AFM probe is 
comprised of a sharp micro fabricated tip attached on a free swinging end of a 
cantilever projecting from a holder plate or chip mounted on a cylindrical 
piezoelectric tube. A diode laser is focused onto the back of a reflective cantilever. 
As the tip scans the sample surface, the deflection of the tip is measured by the 
laser, and reflected onto a photodiode. Most AFM probes are measured on the 
scale of nanometers, and are made of Silicon (Si) or silicon nitride thus benefiting 
from their high wear resistance properties. The three most common tip shapes are 
pyramidal, isotropic, and rocket – tip. Moreover, the cantilever will typically have a 
low spring or force constant thus enabling the AFM to control the force between the 
tip and the sample with great precision. It is evident from literature that AFM is a 
frequently used method for imaging of dentine. It is mainly useful in studies of the 
collagen network of dentine and its changes caused by different chemical agents to 
dentine (Habelitz et al. 2002). 
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Figure 1-24 Schematic representation of the atomic force microscope (Morris et al. 1999). 
 
 
1.5.1.2 Scanning Mechanism 
 
AFM images sample surface by scanning the cantilever over the sample surface, 
which will influence the deflection of the cantilever depending on the raised, and 
lowered surface features of the sample being scanned, as shown in Figure 1-24. 
This will be monitored by the segmented photo diode, also called position detector 
(PSPD), which will measure the degree of laser deflection and translate it into a 
topographic image seen on the computer monitor. A feed back loop is used to 
control the height of the tip and maintain a constant laser position, thus increasing 
accuracy of the scanned image. AFM operation is described in three known modes: 
1. Contact mode 2. Non – contact mode, and 3. Tapping mode. as shown in Figure 
1-25. All described as follow: 
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Figure 1-25 AFM detection methods showing different imaging modes between cantilever tip 
and sample surface. 
 
1.5.1.2.1 Contact	DC	Mode	
 
The probe is in direct contact (DC) with the sample surface, resulting in strong 
repulsive inter – atomic forces which causes deflection of the cantilever as passes 
over topographical surface features. This method of scanning is considered to be 
relatively quick and simple as no use special tips is required, however, a significant 
drawback is possibility of damage of sample surface owing to the constant contact 
of the probe with the surface. Contact DC scanning mode is the method of choice in 
this study, as it is believed to relatively provide considerable accurate readings of 
sample surface. 
 
1.5.1.2.2 Non	–	Contact	AC	Mode	
 
In this alternating current (AC) true non contact (NC - AFM) mode, the probe does 
not contact the sample surface; rather the cantilever oscillates above the surface at 
resonance frequency with amplitude of few nm. Non contact imaging was once 
preferred as it was believed that its use will preserve samples, nowadays, it is 
becoming somewhat unpopular as super soft cantilever tips are now available for 
use in tapping mode. 
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1.5.1.2.3 Intermittent	Contact	Mode	
 
 Also called tapping, vibrating, or dynamic contact mode. The cantilever tip will 
oscillated up and down touching the sample surface at a very high speed during 
slow lateral scanning, a process called lateral force microscopy (LFM). Tapping 
mode was not used during the course of this research due to the high incidence of 
artifacts that can be produced. 
 
1.5.1.3 Artifacts 
 
A scanning effect known as ‘probe – broadening’ is almost impossible to avoid and 
will always occur. It is the result of failure to scan a tall feature on the surface of 
especially rough samples resulting in what is called a  ‘’hidden area’’. This basically 
means that a mirror image of the side walls of the tip will be produced rather than 
sample object itself, as shown in Figure 1-26. It has been suggested that in order to 
minimize this phenomenon, a slow scanning speed should be used, in addition to 
taking all the possible precautions to ensure smoothness of the sample surface 
through sample - specific polishing techniques as much as it is biologically feasible, 
taking in consideration biological sample preservation of structural integrity. 
Furthermore, it should be noted that the degree to which tip shape imposes itself on 
an image is governed by the nature of the surface being examined i.e. it is sample 
dependant (Morris et al. 1999).  
 
 
 
 
 
 
Figure 1-26 Broadening Effect. Tip convolution of the actual surface topography showing probe 
(Morris et al. 1999). 
 
Another common effect known as ‘double tip’ can occur. It is usually a result of 
contamination, damage, or wear of tip; thus producing copies of the scanned image 
topography offset by a distance equals to the gap between the true and the 
simulated tips. This can be avoided by use of proper and suitable sample 
decontamination techniques and storage settings. 
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1.5.2 Scanning Electron Microscope (SEM) 
 
Scanning electron microscopes are primarily used in high magnification imaging, 
reaching 1 nm, of almost any type of sample using a focused emission of electron 
beam. Emitted electrons will interact with sample surface thus producing numerous 
signals that are then detected and translated into production of topographical data. 
Types of signals produced include back scattered electrons – BSE, secondary 
electrons – SE, and X-ray, (Spivak et al, 1970). Examined sample surface must be 
electrically conductive to allow deflection of any electrostatic charge during imaging 
and prevent build up. This is achieved by sputter coating of sample after partial or 
complete dehydration using conductive alloys such as gold, palladium, tungsten, or 
graphite. Since imaging occurs in a high vacuum chamber, chemical fixation of 
biological samples is essential to prevent shrinkage and collapse. Common 
chemical fixatives include glutaraldehyde and formaldehyde.  
 
1.5.2.1 Scanning mechanism  
 
After sample mounting within vacuum chamber, primary electrons emitted from the 
electron gun are focused on specimen surface by means of a lens system. The 
specimen will then be scanned under the control of electron currents in the scan 
coils situated within the final lens. Secondary electrons emitted from specimen 
surface are attracted to the detector, which sends electronic signals and a resultant 
image will be produced on the TV- Monitor screen or display unit, as shown in 
Figure 1-27 (Burgess et al, 1990). 
 
 
 
 
 
 
 
 
Figure 1-27 Simplified schematic drawing of Scanning Electron Microscope (SEM) showing 
mechanism of imaging specimens at a high magnification level. (Burgess et al, 1990)  
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1.5.3 Fourier transform infrared spectroscopy (FTIR) 
 
FTIR, or Infrared (IR) Spectroscopy, is an instrument used for measuring, obtaining, 
and collecting vibrational frequency of an atomic bond within a molecule through 
emission, absorption, and photoconductivity i.e. light absorption of a given sample 
that can be solid, liquid, and/or gas (Griffith and Haseth, 2007). Data collected is 
translated into the production of a basic graph showing wavelength/number or 
frequency on horizontal axis, and transmittance or IR light absorbance on vertical 
axis, as shown in Figure 1-28. There are three major modes of use of FTIR : 1. 
Transmission mode , 2. Reflection mode, and 3. Attenuated Total Reflection (ATR) 
mode. Transmission mode requires very thin samples, while in reflection mode 
highly reflective and smooth samples are needed to produce satisfactory spectra. In 
this study, ATR mode was used as it accommodates opaque and relatively thick 
samples. It is essential that during sample preparation, a large / wide enough 
sample area is available to cover entire crystal surface, thus preventing air leakage 
and inaccurate spectra. It is favorable that samples used be partially or completely 
dehydrated as water has intense absorption and might interfere with spectral data 
produces. 
 
 
 
 
 
 
 
 
Figure 1-28 Typical FTIR spectrum of bone tissue, showing collagen amide I, II, and III 
absorption bands; Apatite (phosphate) and carbonate spectra bands / peaks. Scale is ( adopted 
and modified from Camacho et al, 1999) 
 
 
 
 
1800               800 
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1.5.3.1 Mechanism of action of (ATR) 
 
Sample used is first placed in direct contact with high refractive index crystal such 
as a diamond. An infrared beam is directed onto the prism leading to total internal 
reflection phenomenon between sample and crystal interface, as shown in Figure 
1-29. This will create an evanescent wave that project into the sample, and 
penetrates into an estimated depth of 0.5 µm to 1.53 µm (microns), (PIKE 
technologies, 2011). A reflective index spectrum of the IR beam is then absorbed by 
a detector and measured to produce graphical data, (Perkin Elmer Life and 
Analytical Sciences, 2005).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1-29 Schematic diagram showing ATR mode of FTIR. IR beam emitted into multiple 
internal reflections within the diamond i.e. crystal, creating an evanescent wave that is then 
reflected from sample surface into a detector to be measured to produce graphical data 
showing spectral bands of different molecules present in samples used. (FTIR, sesame.org.jo) 
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1.5.4 Raman Spectroscopy 
 
Raman spectroscopy relies on a mechanism called ‘Raman scattering’ or ‘Raman 
effect’, in which inelastic scattered light or photons from a laser near IR and/or UV, 
interacts with phonons i.e. molecular vibrations within a sample resulting in energy 
shift and release of incident photons. Spectra bands or peaks with weak intensities 
on Raman will have high or magnified intensities on FTIR, and vice versa. This 
might be due to the fact that Raman will usually measure sample to a greater depth 
than FTIR according to the wavelength of laser used at the time. A depth of about 3 
µm at laser wavelength of 633 nm, and up to 12 µm at laser wavelength of 785 nm, 
(Fran Adar, 2010) . Unlike FTIR, Raman is not as affected by water content of 
samples used, thus dehydration is not an absolute necessity. Sample preparation is 
not as elaborate, and can be examined at almost any state. Both FTIR and Raman 
spectroscopy have proven to be useful in identification and quantification of 
chemical changes within sample substrate organic and mineral content. 
 
 
 
 
 
 
 
 
 
Figure 1-30 Raman spectrum graph of spongy bone tissue, showing multiple phosphate peaks, 
carbonate peak, and amide I , III collagen bands. (Buchwald et al, 2012) 
 
1.5.4.1 Mechanism of action 
 
There are three possible types of light scattering that can occur during a Raman 
scattering. These include: 1. Rayleigh scattering, 2. Stokes Raman scattering, and 
3. Anti Stokes Raman scattering. Photons released from a high intensity laser 
produce oscillating wavelengths causing polarization of molecules in the sample, 
which will couple with other potential polarization including electronic excitations and 
vibration. If no exchange of energy occurs, meaning that the polarization of the 
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molecules does not couple with other possible polarizations, then scattered and 
incident photons will have the same energy resulting in Rayleigh scattering. 
Alternatively, if the incident photon has more energy than the scattered photon, then 
Stokes Raman scattering is taking place. Finally, if the incident photon has less 
energy than the scattered photon, this will lead to Anti Stokes Raman scattering, 
(Smith and Dent, 2013). Spectrum of the scattered photons i.e. Raman spectrum is 
measured against intensity of incident photons released from sample and translated 
into graphical data, as shown in Figure 1-30.  
 
1.5.4.2 Spectral Bands relevant to Dental Research 
 
One of the most common reported measurements of Raman analysis in dentine and 
bone is the ratio of collagen to hydroxyapatite and carbonate apatite. Hydroxyapatite 
are obtained from phosphate bands, while collagen spectra is obtained from C=O 
vibration present in amide I, II, and III bands, (Buchwald et al, 2012). Spectra peak 
values considered in this research are shown in Table 1-8. It is worth to say that 
spectra values in both FTIR and Raman will have very similar, if not identical, 
wavenumber values. 
 
 
Intensity Peak –  Wavenumber / cm −1  
Phosphate 960 380 420 510 570 870 1003 
Carbonate 1072 1460 
Amide I 1650 -1672 (range) 
Amide II 1545 1550 1560 
Amide III 1240 1270 1300 
 
Table 1-8 Showing wavenumber length spectra of different intensity peaks commonly found in 
bone and dentine tissues. Spectra numbers highlighted in ‘red’ are the most intense spectra 
(highest peaks) found in an untreated sample. Notice Amide III bands are of a very weak 
intensity in comparison with Amide I and II. (Chi et al, 1997) and (Tsuda et al, 1996) 
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Chapter 2 Aims and Objectives 
 
Several studies that looked at DI affected dentine colour, tubular ultrastructure, and 
mineral content was done; however a clear correlation between any possible 
affecting factors was never identified. In this study, dentinal and collagen 
ultrastructure of affected samples is explored in depth to identify potential 
association with phenotype features seen in this disease. Therefore, the main aims 
and objectives are as follows: 
• To evaluate and modify sample specific demineralisation protocols, to 
expose collagen ultrastructure in dentine and optimise topographic imaging. 
 
• Nanometrology assessment of the characteristic morphology of dentinal 
collagen ultrastructure in control teeth versus DI type I and DI type II 
samples,  
 
• Comparison of exploratory findings regarding ultrastructure of collagen and 
dentine in DI types I and II affected tissues with the current knowledge in 
literature. 
  
 
Chapter 3 – 
Materials and Methods 
 
Chapter 3 Materials and Methods (The Experimental Design) 
 
3.1 Study Registration and Ethical Approval 
 
This study was designed and conducted in the Department of Paediatric Dentistry, 
Eastman Dental Hospital’s (EDH), University College London Hospital, NHS 
Foundation Trust. Ethical approval for this study was obtained from the National 
Health Services Research Ethics Committee (NHS REC) registration reference 
number 11/LO/0777.  
 
3.2 Sample Selection 
 
Patients referred to the Paediatric Department at the Eastman Dental Hospital 
diagnosed with dental anomalies were allocated to a dedicated anomalies clinic. In 
this study, patients suffering from DI types I and II who had their primary affected 
teeth extracted as part of treatment or naturally exfoliated, were included. Similarly, 
control samples comprised of healthy teeth extracted for orthodontic purposes, 
naturally exfoliating, or were extracted as part treatment. All patients gave an 
informed consent to participate in this study, (Appendix 1). 
 
3.3 Data Collection  
 
The anomalies clinics were held once a month. All clinicians involved in this study 
undertook training and calibration sessions on how to use the forms and the 
procedures required for data collection.  Patients and parents attending the clinic 
were informed about the study and leaflets were provided (Appendix 2) and the 
voluntary nature of their participation was reinforced. If they agreed, written consent 
were obtained (Appendix 1), one copy was given to the patient/parent, a second 
copy was filed in the patient’s medical notes and a third copy was stored by the 
supervisor in a filing cabinet in a locked office. All data information obtained from the 
patient was collected using a modified version of the Phenodent form (Appendix 3). 
This form contained the demographic details of the patient, extra oral examination 
findings, intra- oral examination including specific information regarding the enamel 
and dentine defects, radiographic appearance, diagnosis of the patient and 
treatment plan. Relevant patient were transferred to an electronic database under 
the control of a second supervisor. Patient’s details remained anonymous using a 
coding numbering system. At the end of the appointment, patients were given a 
plastic container as a storage medium for any teeth seen to exfoliate as part of the 
study protocol. 
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3.4 Sample Size 
 
Samples of teeth collected were grouped into three main categories – (1) Control 
primary (2) DI type I primary and (3) DI type II primary. Samples were then further 
subdivided into two sections. One was used for AFM preparation, and the other was 
used for SEM preparation. Additional sections in Control teeth were prepared to be 
used for experimental preparation and further modification and analysis of the 
demineralisation protocol needed to be done, as shown in Figure 3-1. However, due 
to limitation of the individual size of samples, as in severely worn out DI affected 
teeth, additional sectioning was only done when feasible.  Acquiring of DI types I 
and II affected teeth is difficult, thus extreme caution was executed when handling 
those samples.  
 
 
 
 
 
 
 
 
Figure 3-1 Schematic illustration of sample sectioning. 1-3 sections of each sample were 
prepared when feasible.  
 
 
3.5 Sample Decontamination and Storage 
 
Teeth were stored and disinfected according to the protocols approved by the 
Human Tissue Act 2004. All samples were thoroughly cleaned before storage by 
removing remnants of any soft tissues attached to the root or crown surface of the 
extracted tooth using a soft interdental or micro – brush, and a scalpel blade. 
Acquired Samples were then decontaminated by placing in 70% concentration 
ethanol for 3-5 days. After which, the teeth were stored in 0.1% concentration 
Thymol at 4°C and left in a locked refrigerator on the premises until prepared.  
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3.6 Sample Preparation 
 
After disinfection, each sample was separately prepared into 1-3 specimen sections, 
according to feasibility. Stages of sample preparation are as follows: 
 
3.6.1 Cutting Stage:  
 
A typical tooth sample was embedded using thermal resistant wax into a mounting 
block, and then be mounted onto a rotary saw with twin -mounted diamond - tipped 
copper blades (Testbourne, UK). The sample was then cut under running cooling 
water to preserve structural integrity into 1-3 longitudinal sections each reaching a 
thickness average of 1-1.5 mm; thus exposing coronal and root dentine, as well as 
providing a straightened levelled surface. It is worth noting that multiple sections of 
the same tooth was only feasible in control teeth samples. 
  
3.6.2 Polishing Stage:  
 
The samples were polished using a polishing instrument under flowing water coolant 
(MD Fuga, MD Largo) according to a series of silicone-carbide grit paper (500, 1200 
and 2400 grade).  Polishing helped smoothening sample surface by removing any 
abrasions or scratches present on the dentine surfaces following cutting stage. This 
was to aid in creating a flat analysis surface for the production of better topographic 
images using contact mode AFM. 
 
3.6.3 Ultra sonication:  
 
Ultrasonic cleaning uses cavitation bubbles induced by high frequency pressure 
waves to agitate a liquid. The agitation produces high forces on contaminants 
adhering to substrates. This action also penetrates blind holes, cracks, and 
recesses (Ensminger, 2008). Since ultrasonic technology uses high frequency 
sound waves to agitate an aqueous medium; this will therefore help deep level 
penetration of tight unreachable spaces and acts on removing contaminants such as 
blood, dust, oil, grease, polishing compounds, and fingerprints. Each polished 
sample was left in an ultrasonic bath constituting of ultra-pure water for at least 5 
min. Ultrasonication of sample in ultrapure water was done at three specific stages 
of sample preparation. First, sonication was done after sample cutting, then again 
after demineralisation, and finally after deproteinisation and before imaging analysis. 
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This was done following to modification of a pre-existing protocol created by a fellow 
student as part of DDent dissertation titled ‘Dentinal Ultrastructure in OI and DI’ 
(Harith 2013). 
 
3.6.4 Ultra-pure Water: 
 
Ultra- pure water is one that goes under purification methods to control any possible 
contamination and / or proliferation of particles such as bacterial agents, organic, 
negatively charged anionic, and metallic contaminants. It is filtered through a series 
of ultra filtration processes that include use of ultraviolet light, electrode ionization, 
and carbon filters (Nakajima & Shima 1991). All human tissue samples used in this 
study were handled and washed using ultra pure water to avoid any possible 
contamination, which could lead to false results. 
 
3.7 Demineralisation and Deproteinisation Protocol 
 
The newly found and created standardised demineralisation and deproteinisation 
protocol of 37 % Phosphoric acid (Sigma Aldrich) – for 15 sec and 6.5% Sodium 
Hypochlorite (ReAgent) – for 5 sec; was used with all samples collected to expose 
collagen meshwork. Refer to Chapter 4 for details of protocol development. 
 
3.7.1 Protocol Analysis 
 
3.7.1.1 Fourier Transform Spectroscopy ( FTIR ) 
 
The FTIR model used was the GladiATR attentuated total reflector (Bruker, UK) on 
a Tensor 27 FT-IR (Bruker, UK) with a mid-range IR spectra of (4000 – 600 cm-1) 
and a resolution of 4 cm-1. FTIR was used during the initial stages of developing the 
standardised demineralisation protocol to analyse surface etching techniques and 
their efficacy. FTIR spectra measurements were done pre and post demineralisation 
on control, DI type I, and DI type II samples. A comparison of FTIR spectra amide I 
bands, representative of surface collagen, and Phosphate band / peak, 
representative of mineral portion of sample i.e. hydroxyapatites; was done. The 
phosphate peak almost completely vanished after acid etching of sample and the 
amide I band peak amplified, as shown in Figure 3-2, indicating sufficient 
demineralisation of sample surface. 
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Figure 3-2 Showing Fourier Transform Spectra (FTIR) of control sample pre ( indicated by red 
spectra ) and post ( indicated by black spectra ) demineralisation with 37% phosphoric acid for 
15 sec, after which sample was washed in ultrasonic bath for 5 min. Notice reduction in 
phosphate peak and intensification of amide I peak. 
 
3.7.1.2 Raman Spectroscopy 
 
LabRam 300 model (Horiba Johim Yvon, Japan) running a labspec of 5.78.24 and 
equipped with a (HeNe) 20 mW red laser with a 632.8 nm wavelength, combined 
with a 150 µm slit width, a 400 µm confocal hole, 1800 grating, and 50x 
magnification was used. Raman Spectroscopy was used following FTIR to confirm 
results obtained and further measure the depth of the demineralisation effect. While 
FTIR measures sample depth up to 1.5 µm, Raman was set to measure up to 3 µm 
depth. A sample from each group was measured by both spectroscopy 
mechanisms, and a difference of the measurements ratios and resulting spectra 
obtained from the same tooth section was analysed and compared.  
 
3.7.1.3 Spectroscopy Analysis 
 
Spectra collected using FTIR was analysed using Origin Viewer 9.2 software for 
data analysis and graphing, created and provided by OriginLab publishers Inc. 
Integral area assessments samples was carried out using this software, as shown in 
Figure 3-3. Spectra’s of amide I band is measured at band length of (1650 -1700) 
and phosphate peaks measured at band length of (960). Spectra integral areas 
measured at 0 sec and 15 sec. 
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Figure 3-3 Diagram showing integral area measured – shaded in grey, of Phosphate and Amide I 
peaks  
 
 
3.8 Topographic Imaging- Atomic Force Microscopy (AFM) 
 
3.8.1 AFM Imaging : 
 
Following demineralisation, acid was washed off using ultra-pure water for a few 
minutes, after which sample was blotted dry using absorbable medical wipes 
(KIMCARE). The sample was then mounted on XE-100 AFM (Park Instrument 
Korea), and securely held in place using double-sided tape. Imaging using silicone 
nitride (Si3N4) tips with a spring constant of 0.6N.m-1; and a scan speed average of 
1.2 Hz was used in contact mode. Scan control parameters including set point of the 
tip, Z servo gain, and X, Y scanners offset values were all adjusted accordingly to 
optimise topography.  
 
3.8.2 Image Editing : 
 
All images obtained were edited and processed using (WSxM v5.0 Develop 7.0) 
software, developed by ‘NanoTec Electronica’. This involved adjusting contrast, 
brightness, and image flattening in two planes to obtain an optimized effect. 
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3.8.3 Measuring D-banding periodicity – Image Analysis : 
 
Profile graphs of collagen fibrils seen in topographic images obtained were 
produced using the processing software. As described in Figure 3-4, each peak 
represented one D-band along the fibril being measured. To calculate an average 
D-banding periodicity, the recorded length of a given collagen fibril section was 
measured, identified by black arrow, and divided by the number of peaks seen. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-4 Collagen fibril profile graph produced during image processing using (WSxM v5.0 
Develop 7.0) software to measure D-banding periodicity. Each peak represents one D-band 
along the fibril. Counting the number of spikes and dividing it by length of distance measured 
in nm produce an average of D-banding periodicity 
 
 
3.9 Scanning Electron Microscopy  (SEM) imaging 
 
All samples used for scanning electron microscope (SEM) imaging were specifically 
prepared prior to imaging to avoid destruction and ensure that structural integrity 
was maintained throughout the imaging process. SEM model ‘JEOL 5410LV SEM’ 
(JEOL UK, UK) was used for imaging at 15-20 Kv. Due to the small number and 
actual size / dimension of samples available, especially DI and OI samples, sample 
cross- matching and specific sample mapping was not always possible. However, 
efforts to carry out analysis of images taken within the middle layer of dentine were 
made. 
 
 
 65 
 
3.9.1 Fixation and Dehydration Protocol : 
 
Samples were fixed in 3% Gluteraldehyde ( Agar Scientific, UK) in 0.1M Cacodylate 
Buffer (CAB) for 10 min at 4 degrees Celsius. Dehydration at room temperature was 
then carried out in a series of graded ethyl alcohols as follows: 
o 70% ethanol for 10 min 
o 90% ethanol for 10 min 
o 100% absolute ethanol for 5 min, repeated three times / changes. 
In the case that further dehydration of samples was required, samples were 
immersed in hexamethyldisilazane (TAAB Ltd, UK) in foil cups for 2 to 5 minutes 
with subsequent removal and drying in a fume hood for at least an hour. 
 
 
3.9.2 Sputter Coating : 
 
Sputter coating is the process by which an ultra thin film layer of electrically 
conductive metal is used to coat a non or poorly conducting sample surface. It 
prevents static electric fields accumulation, and charging of the sample. This allows 
better detection of the secondary electrons from the sample surface, and therefore 
increases the ratio of signal to noise, (Höflinger, 2013). The sectioned dehydrated 
samples were mounted into aluminium pin stubs using adhesive carbon tabs (both 
Agar Scientific, UK), and sputter coated for 1 min and 30 sec with gold (95%) / 
palladium (5%) using ‘Polaron E5000, Quorum Technology, UK’ for imaging. The 
sputter coated film will typically have a thickness ranging from 15 to 20 nm.  
 
 
3.9.3 Image Analysis : 
 
Obtained SEM images were then analysed using Image-Pro Premier 2D 9.1 
Software, created and produced by Media Cybernetics Inc. Dentinal tubules number 
per square area and tubule diameter, in addition to dentinal collagen fibril diameter 
and D- banding periodicity was measured and subsequently statistically analysed. 
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3.10 SPSS Analysis  
 
Kruskal – Wallis is a one way analysis of variance test. It is the most commonly 
used form of statistical analysis in experiments where one measurement and one 
nominal variable is being analysed.  It is used as a non parametric method of 
determining distribution origin of groups of samples examined, and testing whether 
their mean ranks are similar, (McDonald, 2008). The null hypothesis in this form of 
analysis is the assumption that the sample groups mean / median ranks are the 
same. In the event that they are not, the null hypothesis is therefore rejected. 
Kruskal Wallis test was used to analyse topographic data obtained from SEM and 
AFM images of dentinal tubules and collagen fibrils. Variables analysed are dentinal 
tubules number and diameter, collagen fibril diameter, and D banding periodicity.
  
 
 
 
 
 
 
 
 
Chapter 4 – 
The Demineralisation 
Protocol
 Chapter 4 The Demineralisation Protocol 
 
4.1 Pre-existing Demineralisation Protocol  
 
A pre-existing protocol created as part of DDent dissertation titled ‘Dentinal 
Ultrastructure in OI and DI’ (Harith 2013), was initially used. This protocol comprised 
of direct application of a few drops of 37% phosphoric acid onto primary tooth 
control sample surfaces for 3 minutes, then washing sample in water stream for 1 
min. AFM imaging at each stage between 1 min intervals was done to accurately 
analyse the effects of the current protocol on sample dentinal surface, as shown in 
Figure 4-1. At 0 min (Figure 4-1 A), before demineralisation, topographic images 
showed dentinal tubules as indicated by arrows, and a fully mineralised surface. At 
1 min of demineralisation (Figure 4-1 B), dentinal tubules were no longer apparent, 
but surface was still significantly mineralised. At 2 min demineralisation (Figure 4-1 
C), surface minerals were still covering the collagen fibrils, as indicated by the blue 
arrow. However, collagen network were starting to become visible, as indicated by 
red arrows. By 3 min demineralisation (Figure 4-1 D), sufficient demineralisation 
was reached and the collagen network was clearly seen, as indicated by red arrows.  
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-1 AFM topographic images showing effect of different demineralisation times on 
dentine surface of control primary tooth section using direct application of 37% phosphoric 
acid. (A) At 0 min, (B) At 1 min of demineralisation, (C) At 2 min demineralisation, and (D) At 3 
min demineralisation  
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However, through further imaging along randomly selected areas of sample surface, 
it was found that the demineralisation effect on exposure of collagen network was 
not homogenous. It was observed that some areas exhibited partial or no 
demineralisation after etching for 3 minutes, while other areas within the same 
sample surface showed clearly identifiable collagen meshworks. At this point of the 
study, it was found essential to further investigate the current existent 
demineralisation protocol, and find ways to improve its efficacy. 
 
4.2 Aims of Further Protocol Analysis and Modification 
 
• Homogenous exposure of clear collagen meshwork along sample surface 
using a standardised demineralisation protocol. 
• Investigating possible denaturing effect on collagen and damage of the triple 
helical structure, caused by prolonged etching thus leading to fibril 
gelatinisation. 
• Incorporating further analytical techniques using Fourier Transform 
Spectroscopy (FTIR) and Raman spectroscopy to assess any other 
contributory factors; such as sample preparation, and duration / mode of 
demineralisation.  
 
4.3 Optimisation of the Original Demineralisation Protocol: Ultrasonication 
 
 It was observed that after re-polishing the control sample to remove the partially 
demineralised surface, and exposing a mineralised layer, then placing it in 
phosphoric acid solution in an ultrasonic bath for the same amount of time; as 
opposed to just applying few drops of phosphoric acid onto sample surface; better 
AFM topographic imaging was achieved, as shown in Figure 4-2. A larger portion of 
minerals was removed, and surface as well as deeper layer collagen meshwork was 
revealed. Resulting AFM images were found to be satisfactory. A considerable 
improvement in observing detailed topographic characteristics of collagen fibres was 
successfully reached, as shown in Figure 4-3. Figures 4-3 (A) and (B) show 
resulting images of the conventional technique. While Figures 4-3 (C) and (D) show 
collagen meshworks after application of the protocol modification i.e. acid sonication 
on the same, re-polished sample. 
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       (A)        (B)  
 
Figure 4-2 Schematic diagram showing application of different demineralisation protocols.     
(A) Direct application of phosphoric acid onto sample surface. (B) Sonication of the acid. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-3 AFM images at two different magnifications of demineralised dentinal surface and 
exposed collagen, showing pre- and post modification of the demineralisation protocol of one 
control primary tooth sample. (A) and (B) – conventional technique, (C) and (D) – modified 
protocol. 
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It was found that sonication of the etchant overcame limitations of acid viscosity, 
surface energy, and contact angle. Sonication helped deeper penetration of the acid 
at a micron level in multiple directions, downward and sideways, rather than the 
typical downward gravitational diffusion; which allowed for increased spreading of 
the acid along a greater surface area. Phosphoric acid ultrasonication was therefore 
found to produce a uniform etching effect and even penetration and unblocking of 
dentinal tubules, as shown in Figure 4-4. In recent studies, an ultrasonically 
activated stream device that incorporated the same theory of ultrasonication, was 
effective in removing bacterial biofilms off tooth surfaces. Gas bubbles produced by 
the sonication effect of water were entrapped within tooth surface pits in a dynamic 
manner, resulting in effective cleaning at a higher rate in comparison with the 
normal and more conventional water stream wash, (Howlin et al, 2015). Further 
studies of this mechanism were required to examine whether etching time, intensity 
(acid concentration), sample type, and /or collagen rate of denaturation will be 
affected.  
 
 
 
 
 
    
 
 
 
Figure 4-4 Schematic diagram showing effect of liquid / acid ultrasonication and the dynamicity 
of resulting bubbles, leading to better and deeper penetration of the dentinal tubules and tooth 
surface. This ultimately results in a more effective demineralisation at a much faster rate. 
(Image adopted and modified from Cerutti et al, 2008)  
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4.4 Monitoring Efficacy of Sonication 
 
Use of further analytical techniques to carefully quantify mineral loss and collagen 
exposure during demineralisation process was found to be necessary, and critical to 
assessing the proposed demineralisation protocol. FTIR measurement of control 
dentine of primary tooth sample was done prior to demineralisation, and at every 1 
min interval for 3 min during the demineralisation assay. The FTIR spectrum 
showed an acute decrease in the phosphate peak representing hydroxyapatite (HA) 
i.e. mineral content of the sample within the 1st min, as shown in Figure 4-5. The 
spectrum shown in red, prior to acid etching, shows intensely prominent phosphate 
peak representing hydroxyapatite (HA) mineral content of sample. After acid etching 
for 1 min, as shown in black, the phosphate peak was greatly reduced and almost 
completely disappeared suggesting sufficient and/or complete demineralisation of 
dentinal surface. Amide I and II bands representing collagen type I was then clearly 
amplified, suggesting collagen exposure. These results strongly suggested that 1 
min of acid etching was sufficient to remove surface minerals and exposure of the 
collagen. At this point, it was found essential to re-evaluate the demineralisation 
time employed. A decision was made to monitor demineralisation at 15 s, 30 s, and 
45 s intervals. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-5 Fourier transform infrared (FTIR) spectrum of control primary tooth at pre (red 
spectra) and post (black spectra) demineralisation for 1 min.  
 
 
 
0	s			Demin	
60	s	Demin	
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4.4.1 Phosphoric acid etching of control sample at 15 sec interval  
 
It was determined that sample demineralisation for 1 min led to complete removal of 
sample surface minerals and exposure of the organic content of dentine, and that 3 
min of demineralisation was not necessary. Figure 4-6 shows pre and post 
demineralisation infrared spectra of a control sample. After acid etching for 15 s, 
(spectrum shown in red in Figure 4-6 A), the phosphate peak was greatly reduced 
and almost completely disappeared suggesting sufficient and/or complete removal 
of inorganic surface minerals. Amide I and II bands representing collagen type I was 
then clearly amplified, suggesting collagen exposure. After acid etching for 30 s, 
(Figure 4-6 B), the phosphate peak was reduced but was still relatively more 
prominent than the amide bands peaks, thus demonstrating incomplete 
demineralisation and presence of HA on dentinal surface. Finally, after acid etching 
for 45 s, (Figure 4-6 C), the phosphate peak was reduced furthermore in 
comparison with 30 s acid etching, but can still be seen and is relatively more 
prominent than amide bands peaks. Amide bands at this stage seemed to be 
affected, with considerable decrease in peak prominence, suggesting that collagen 
ultrastructure is being affected and/or damaged. 
 
According to the results shown in Figure 4-6, it was concluded that the optimum 
demineralisation time was 15 s. This actually fits nicely with clinical acid etching 
protocol used in vivo prior to restoration of carious lesions in teeth. It was 
confirmation that 15-20 s of acid etching is sufficient for adequate demineralisation 
of dentinal surface, removal of smear layer, and exposure of dentinal tubules and 
collagen network. Further etching to 30 and 45 s shows significantly reduced but not 
completely vanished phosphate peaks, this could be due to re-precipitation of (HA) 
which was more difficult to wash off the surface. It can be assumed that acid etching 
is essentially working its way through the mineral layers of dentinal surface, as 
shown in Figure 4-7. At 15 s of etching the surface or 1st mineral layer is removed, 
and at 45 s the 2nd deeper mineral layer is removed, and collagen occurring 
immediately below surface is denatured and gelatinised.  
 
 
 
 
 
(A) 
 
 
 
 
 
 
 
 
 
 
(B) 
 
 
 
 
 
 
 
 
 
(C) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-6 Fourier transform infrared (FTIR) spectra of control primary tooth. Spectra shown in 
black is at 0 min, prior to acid etching, and red spectra is post demineralisation. (A) Spectra 
after 15 s, (B) Spectra after 30 s, and (C) Spectra after 45 s demin. 
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Figure 4-7 Simplified Schematic diagram showing 2 D representation of transverse section of 
mineralised intertubular dentine. Arrow shows demineralisation effect on removal of surface 
(HA) Hydroxyapatites and deep mineral layers within dentine, according to etching time in 15, 
30, and 45 s. 
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Based on this theory, an average acid etching time of 15 s is sufficient to produce 
satisfactory topographical data of collagen. For the sake of the experimental assay, 
scanning electron microscopic images were obtained at each stage to demonstrate 
and confirm the results. AFM imaging was substituted with SEM imaging due to 
difference in image quality that was enhanced in SEM, and the ability to explore a 
greater area of the sample, which was not easily feasible with AFM imaging 
techniques. Images obtained are shown in Figure 4-8. SEM images showed the 
collagen meshwork network exposure at 15 and 45 s, which matched data obtained 
through FTIR scanning of samples prior to imaging. Fifteen seconds etching (Figure 
4-8 A) resulted in collagen meshwork network exposure seen in intertubular dentine 
areas. At 30 s acid etching (Figure 4-8 B) homogenous surface resembling smear 
layer was shown, and no dentinal tubules was seen anywhere across the sample 
surface. Lastly, 45 s acid etching (Figure 4-8 C) resulted in collagen meshwork 
network exposure, which seemed to be gelatinised at areas. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-8 Scanning electron microscope (SEM) micro photographs of primary tooth dentine 
cross – section samples at different acid etching times by 37 % Phosphoric acid. (A) 15 s 
etching, (B) 30 s etching, and (C) 45 s etching time. 
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4.5 Brushite Deposits  
 
Additionally, it was found necessary to place the samples after acid etching in an 
ultrasonic bath to wash any acid remnants off surface for at least 2 minutes. Thirty 
seconds to 1 min of continuous manual stream wash resulted in deposition of 
crystallite structures on the dentine surface, which was expressed in FTIR spectrum 
graphs and clearly seen with SEM imaging at some areas, shown in Figure 4-9. It is 
concluded that a chemical reaction between phosphoric acid and calcium 
Hydroxyapatite minerals was taking place according to this chemical equation, 
(Oliveira et al, 2007):  
 
 
Thus resulting in brushite precipitation. Although brushite precipitates is usually 
water insoluble, ultrasonication of sample for 2 to 5 minutes was able to remove 
most of its deposits on the sample surface. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-9 Showing characteristic Dicalcium Phosphate Dehydrate, also called Brushite, 
deposition in and between dentinal tubules, (A) and (B) SEM image of demineralised control 
sample and (C) pre and post – demineralisation FTIR spectra. SEM imaging and FTIR spectrum 
resembled brushite spectra peaks seen in previous studies (D), circled in red, (Trpkovska,1998) 
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4.6 Deproteinisation and a Final Optimisation  
 
Further experimentation was done in order to optimise the newly found sample 
preparation and collagen exposure protocol. The use of 6.5% vol Sodium 
Hypochlorite (NaOCl), to remove non- collagenous proteins covering the collagen 
fibrils (Habelitz et al, 2002 and Marshall et al., 2001) was explored and 
subsequently implemented. NaOCl is used frequently as a solvent and bleaching 
agent. It is a major constituent of inter canal irrigations in tooth endodontic 
procedures due to its ability to dissolve organic materials resulting in a bactericidal 
effect, (Yazd, 2008). High concentrations of NaOCl or prolonged use may cause 
complete dissolution of surface collagen and thus alter the mechanical properties of 
dentine such as nano hardness and modulus of elasticity, (Marshall et al., 2001). 
The application of five seconds of 6.5% vol NaOCl led to a deproteinisation effect 
without loss of the collagen’s tertiary structure and proved to show even better 
topographic images of collagen meshwork in control samples than ones previously 
obtained. Another noteworthy finding was the appearance of multiple crack like 
areas along the dentinal surface, as shown in Figure 4-10. This might have been 
caused by the extreme dehydration protocol applied to the sample before imaging, 
as with any routinely imaged samples using SEM. A proposed theory is that acid 
etching of the dentinal surface led to degradation of the dentine and intense removal 
of minerals causing the ‘cracked’ appearance. It may also be due to mechanical 
tensions applied on dentinal surfaces during sample preparation i.e. cutting and 
polishing. Interestingly enough, these forms of apparent ultrastructural destructions 
were overcome when tooth samples were cut longitudinally or diagonally in parallel 
with dentinal tubules formation and matrix deposition direction from pulpal tissue to 
the dentine enamel junction (DEJ), as an alternative to cross-section, shown in 
Figure 4-11. It was unclear whether tubular inclination and / or branching had any 
possible effect on surface stability, however, better topographic imaging was 
achievable. It is therefore decided to cut all sample into longitudinal sections to 
preserve the homogeneity of the obtained results. 
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Figure 4-10 Scanning electron microscope (SEM) microphotograph of primary tooth dentine 
cross – section samples at 15 s acid etching time showing dentinal surface degradation, and 
formation of crack – like structure. A magnified image shows interface between cracked and 
homogenous surface of dentine. Collagen fibrils were much more pronounced and clearly seen 
within cracked areas. 
 
 
 
 
 
 
 
 
 
Figure 4-11 SEM image micro photograph showing collagen meshwork exposure in two control 
demineralised samples using identical protocols. (A) Sample is cut in cross – section, and (B) 
sample is cut longitudinally. Longitudinal sections displayed retaining of structural integrity of 
dentine, unlike cross- cut sections, in addition to sufficient demineralisation and a nicely 
exposed collagen meshwork.  
 
 
 
 
 
	
	
	
		Cross-	section	 	 	 	 										Longitudinal	section	
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4.7 Final Standardised Protocol  
 
The final demineralisation protocol was therefore created, and its efficacy and 
reproducibility was confirmed, as shown in Figure 4-12 All samples were washed in 
ultrapure water after cutting and polishing. Samples were then demineralised and 
washed again to remove brushite deposits. Deproteinisation of sample was carried 
out in the final stages of the protocol, after which a final wash of the sample was 
done to ensure any by- products of the deproteinisation process were washed away. 
Ultrasonic wash in ultrapure water for at least 5 minutes was employed between 
each stage to ensure removal of impurities, deposits, and any resultant by- 
products. This protocol was assessed using Fourier Transform Spectroscopy 
(FTIR), and Raman spectroscopy. Topographic assessment and microscopic 
imaging of samples then followed. 
 
 
  
 
Figure 4-12 Standardised protocol created and implemented in this study.  
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4.8 Application of the Newly Developed Demineralisation Protocol on OI / DI 
Affected Teeth Samples  
 
Having developed the new demineralisation protocol, in order to assess its extent of 
efficacy, FTIR and Raman spectra of one sample from each group at 0 and 15 s, 
(that is pre and post demineralisation), was looked at. Integral area assessments of 
three samples: Control, DI type I – (DI/OI), and DI type II samples was carried out. 
Spectra’s of amide I band were measured at band length of (1650 -1700) and 
phosphate peaks measured at band length of (960). Colour coded graphs showed 
the comparison at 0 s and 15 s. 
 
4.8.1 FTIR Analysis – 
 
FTIR spectra of the three samples was obtained at 0 and 15 s. Heightened spectra 
of Amide I integral areas post demineralisation was noted in relation to a lower value 
at the pre demineralisation stage – thus indicating collagen exposure. 
Correspondingly, Phosphate integral areas displayed a negative value, indicating 
complete disappearance and sufficient removal of surface minerals from sample 
dentinal surface within a 2 µm depth, as shown in Figure 4-13. Results seen could 
also be due to better adaptation of smooth sample to crystal surface prior to 
demineralisation, as etching would cause surface irregularities and may create the 
illusion of sufficient demineralisation. However, exposure of collagen and removal of 
hydroxyapatites were further confirmed through AFM and SEM imaging. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-13 Fourier Transform Infrared spectroscopy (FTIR) Integral area assessment graph 
showing difference of amide I and phosphate peaks related integral areas at the pre and post 
demineralisation stages, of control, DI type I (DI/OI), and DI type II samples 
 82 
 
4.8.2 Raman Analysis –  
 
Raman spectra of the same samples used in FTIR analysis were also obtained at 0 
and 15 s. Again, Amide I bands were heightened post demineralisation of samples, 
but with lower intensities in comparison to FTIR. Unlike FTIR, phosphate integral 
areas were reduced but were still well above the expected range, shown in Figure 
4-14. This could be due to the fact that Raman measured a greater depth of the 
sample, up to 3 µm. 
 
 
 
 
 
 
 
 
 
Figure 4-14 Raman spectroscopy Integral area assessment graph showing difference of amide I 
and phosphate peaks related integral areas at the pre and post demineralisation stages, of 
control, DI type I (DI/OI), and DI type II samples.  
 
4.8.3 Understanding the Depth of Demineralisation 
 
Fourier Transform Spectroscopy (FTIR) and Raman were both used as means of 
monitoring and accurately assessing efficacy of the demineralisation protocol. FTIR 
infrared beam usually penetrate sample surface up to 1.5 µm sample depth, while 
Raman can penetrate sample to a much deeper level, reaching up to 12 µm. 
However, the Raman used in this study was adjusted to penetrate sample to a 
depth of 3 µm. One of the limitations of FTIR is the need for a large and polished 
sample surface that can deliver complete coverage of the ATR crystal / diamond so 
that interference of external factors such as air or humidity can be eliminated. This 
limitation was not faced when utilizing Raman spectroscopy, as sample size or 
shape was not relevant factors and did not affect results obtained. Due to this 
restriction, we were only able to compare results of FTIR and Raman spectra 
obtained from one sample from each group – control versus DI type I and DI type II 
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samples. It was observed that after 15 s of sonicated etching, phosphate peaks in 
FTIR spectra representative of surface Hydroxyapatites (HA) mineral content 
completely disappeared, thus indicated removal of surface minerals up to at least 
1.5 µm depth. Conversely, when the same sample was then examined using Raman 
spectroscopy, phosphate peaks were seen to still exist and supersede the amide I 
bands representative of dentinal collagen. It is therefore hypothesised that 15 s 
sonicated etching will remove 1.5 µm and possibly up to 2 µm of surface minerals. 
However, minerals beyond 2.5 – 3 µm will continue to occur in deeper layers of 
dentine, as shown in Figure 4-15. Further studies of the demineralisation 
mechanism are required to examine whether etching intensity (acid concentration), 
sample type, and /or collagen rate of denaturation are contributing factors. 
 
 
 
 
 
 
 
 
Figure 4-15 Simplified schematic diagram of dentine transverse section split into 1 µm sections. 
Black arrows indicate extent of measurement depth reached by FTIR and Raman spectroscopy. 
Orange coloured section resembles depth extent of the demineralisation effect. 
 
 4.9 The Demineralisation Assay 
 
Demineralisation is the process of removing minerals, in the form of mineral ions, 
which takes place both in nature, and in laboratories to investigate the organic 
matrix (Ehrlich et al. 2008). It was noted that many researchers have carried out 
demineralisation studies for several reasons. One key motive was to attempt to 
replicate demineralisation in vivo and thus have a better understanding of this 
process and find ways to control and limit it.  In teeth, the collagen matrix provides a 
spatial template upon which mineral crystals deposit (Goldberg et al. 2012).  
Different techniques based on a range of dissolution- and chelation-agents to mimic 
demineralisation were made. It was found that in vitro, or laboratory applied 
demineralisation, an action known as ‘‘quick and deep’’ demineralisation using acid, 
can be achieved (Ehrlich et al. 2008). Therefore, acid treatment of dentine exposes 
a micro porous network of collagen that is nearly totally deprived of hydroxyapatite 
(Meerbeek & Munck 2003). In the history of demineralisation studies, the driving 
force was mainly focused on problems related to dental caries. In vivo, dental caries 
is caused by surface demineralisation of the dentine by microbially formed acid in 
dental plaque (Ehrlich et al. 2009). It was found essential by many research 
pioneers to look at the demineralisation process in vivo, and be able to replicate it in 
vitro, thus have a better understanding of this process and innovate methods to 
control and limit it. This was also linked with studies of tooth adhesion and the basis 
of restoration bonding mechanism, by creating an effective hybrid layer that is 
resistant to Nano-leakage as much as biologically possible.  In this study we looked 
at the different experimental techniques to demineralise the dentinal tissue and 
expose collagen fibrils to obtain clear and detailed topographic images.  
 
4.9.1 Removal of the Smear Layer 
 
The initial composition (% in volume) of dentine is usually 45% mineral, 48% 
collagen, and 7% water. After acid etching, the mineral content should be either 
partially or entirely stripped and the dentine will contain 48% collagen and 52% 
water at a depth of 2–6 nm (Aguilar‐Mendoza et al 2008).This is achieved by first 
removing of the smear layer, resulting from mechanical cutting of dentine and 
subsequent polishing to obtain a smooth paralleled surface. Hence, the composition 
of the smear layer is ultimately hydroxyapatite and altered denatured collagen; 
which dissolves away using low PH chemically strong acid. An alternative way to 
remove the smear layer as well as plugs in dentinal tubules is by polishing the 
samples and subsequently putting them into an ultrasonic bath for 30 minutes 
(Kubinek et al. 2007).  
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Past studies have explored how different demineralisation regimes affect enamel 
and dentine by examining results of AFM (Atomic Force Microscopy), SEM 
(Scanning Electron Microscopy), and / or TEM (Transmission Electron Microscopy) 
imaging. While, conventionally, demineralisation protocols used in these studies 
comprised of etching time ranging from 15 to 60 seconds to expose collagen; it was 
hypothesized in a previous study in 2013 that etching for 3 minutes of primary and 6 
minutes of permanent control teeth optimized the collagen topographic imaging 
under AFM, (Harith et al, 2013). This hypothesis was further studied and 
experimented with in this study, and certain modifications to the demineralisation 
protocol were found to be of value.  
 
The most common acid used in studies, and clinically, is phosphoric acid with a 
concentration of 37%, as higher concentrations of such potent acid were found to 
have a destructive irreversible effect on collagen. A study in 2001 revealed that 
alterations to collagen scaffold caused by the acid treatment are to a certain extent 
reversible in terms of collagen stability. It was showed that when 30-37 % 
phosphoric acid was applied on dentinal surface, it disrupted intermolecular bonds 
of the collagen. However, exposure to water for periods greater than 24 hours 
promotes reassembly of collagen molecules, thus reestablishing the tertiary 
structure (Ritter et al. 2001). This was found to be greatly accommodating during 
experimentation with the demineralisation protocol and creating a sample specific 
design, as fear of denaturing collagen and sample corruption was lessened to an 
extent. 
 
 Furthermore, Fawzy studied the effect of dehydration of demineralised dentine 
samples in air, at 3 minutes intervals for 12 minutes, and concluded that AFM 
images revealed collagen fibrils network structure with interconnected interfibrillar 
porosities in both of superficial and deep intertubular dentine at 3 and 6 minutes of 
air exposure. However, at 9 minutes superficial dentine collagen fibrils network 
showed more collapsed structure compared to deep dentine. Total collapsed 
structure of the collagen fibrils network was seen at 12 minutes of air exposure in 
both superficial and deep dentine samples. AFM images showed the integrity of the 
structure of the demineralised intertubular dentine collagen fibrils network of deep 
dentin seems to be less affected by the air-dehydration process, (Fawzy, 2010).  
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This could be attributed to the higher water content in deep dentine responsible for 
the higher structural resistance to collapse. The phenomena of shrinkage and 
collapse of the demineralised collagen network by air dehydration could be clarified 
by more than one explanation. It could be assumed that the demineralised collagen 
network is suspended in water that occupies the spaces that were previously 
occupied by apatite crystals between collagen fibrils. Therefore, water loss during 
dehydration will lead to collagen fibrils getting closer together resulting in passive 
collapse. Alternatively, at a molecular level, intermolecular spaces between collagen 
molecules are preserved by water molecules that surrounds the triple helices of 
collagen molecule by forming hydrogen bonds and preventing direct inter-chain 
contact and collapse (Fawzy 2010). These findings have supported the results of 
study conducted by P. Ashley, which stated that dehydration in air will cause 
collapse of the collagen network, in addition to increasing of the modulus of 
elasticity, as shown in Figure 4-16. Dried collapsed collagen needs water to lower 
the modulus of elasticity enough so that it can re-expand and provide appropriate 
conditions for bonding mechanisms to work efficiently (Pashley 1997). 
 
(A)    (B) 
Figure 4-16 (A) Schematic representation of the structure and stiffness of dentine matrix and 
collagen scaffold during bonding procedures (Pashley 1997).(B) Diagram showing Covalent 
bonds between fibrils, Hydrogen bonds will also be present (Gelse 2003). 
 
Consequently, the main goal is to find the balance of removing most, if not all, of the 
surface minerals covering the collagen meshwork while preserving the structural 
integrity and ultrastructure. This will depend on careful tampering with the 
conventional demineralisation technique and sample preparation used. Most studies 
have been focusing on optimizing the time of demineralisation, but very little effort 
was dedicated towards how in vivo demineralisation is actually executed. This is 
understandable, as in a typical clinical setting one will face certain application 
limitations. Another aspect to consider with demineralisation is the individual 
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properties of acid used in relation to physiological and biological characteristics of 
dentine. The wetness of the dentine surface, the presence of pulpal pressure, and 
the thickness of dentine are also important variables. The altered collagen may even 
acquire a gelatinised consistency as a result of the friction and heat created by the 
preparation procedure (Perdigão 2010). Spontaneous spreading of a liquid on a 
solid surface expresses the wettability of the surface by the liquid. Wettability is 
more accurately defined according to Young’s Equation: -The force balance 
between the liquid vapor surface tension (γLV) of a liquid drop and the interfacial 
tension between the solid and the drop (γSL), manifested through a contact angle 
(Θ), can be used to quantitatively characterize the energy of the surface (γSV) 
(Ratner et al, 2004), as shown in Figure 4-17. 
 
Figure 4-17 Contact angle. (A) Description of contact angle according to Young’s equation. (B) 
Difference between good and poor wetting contact angles. Adopted and modified from (Ratner 
et al 2004) 
 
 High wettability involves intimate liquid–dentine contact. Since surface energy and 
drop surface tension are indirectly proportional; to achieve optimal wettability, 
surface free energy must be maximized, that is, a liquefied agent must exhibit low 
contact angle on dentine. Furthermore, since wettability is related to surface 
roughness, and will decrease as roughness increases, the evaluation of roughness 
can be used to interpret the wettability changes. It is known that the phosphoric acid 
treatment increases the dentin wettability and, accordingly, the surface free energy; 
in addition to increasing surface roughness. This means that, after each acid 
treatment, the dentine exhibits surface energy to promote the spreading of a liquid 
agent. However, on smear layer-free dentine, phosphoric acid shows the highest 
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contact angle (i.e. the lowest wettability), with the exact reverse display on smear 
covered dentinal surface. Conversely, as some authors pointed out,  low-pH etching 
involves deep penetration into the dentine tissue, resulting in leakage of acid drop 
volume thus limiting its own spreading on the surface (Aguilar‐Mendoza 2008), 
also referred to as a Nano -leakage phenomenon . This was similarly described in 
previous studies, stating that viscosity of the phosphoric acid affected the 
demineralisation process, in which gel solution will provide less etching effects than 
purely liquid solution, and thus required longer application time (Pashley et al, 1992; 
Salas et al, 2011).  
 
By combining all of the above theories together, it was concluded that attainment of 
better and improved surface wetting of phosphoric acid during demineralisation, in 
vitro, of the dentinal surface of sample was crucial. This was successfully achieved 
by developing of a modified demineralisation protocol that involved ultrasonic 
etching and sample surface deproteinisation.  
  
 
 
 
 
 
 
 
 
Chapter 5 – 
Nano Scale Investigation 
of Collagen Ultrastructure
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Chapter 5 Nanoscale Investigation of Collagen Ultrastructure  
 
 
All samples imaged using AFM and SEM were demineralised using the 
standardised protocol to remove the smear layer and expose the collagen fibril 
mesh work. The demineralisation protocol was further analysed using Raman and 
Fourier Transform Infrared spectroscopy (FTIR) to quantify the estimated depth of 
the demineralisation effect, in addition to its effect on Phosphate and Amide I peaks. 
After which, dentinal tubules numbers, dentinal tubules diameter, collagen fibril D-
banding periodicity, and fibril diameter were measured at random areas of the 
imaged samples within the middle layer of dentine. All results were then analysed 
through graphical analysis and Kruskal – Wallis Test Analysis. It is worth mentioning 
that due to the time consuming imaging process of AFM, SEM imaging was 
introduced to facilitate imaging and sample exploration at a broader surface area 
and at a much faster rate. Thus, most data that were analysed were SEM images; in 
combination with AFM images. Four teeth samples from each group were included 
in this study for collagen ultrastructure evaluation; refer to Table 5-1 gives a detailed 
description of tooth number, mode of acquire, sample phenotype, and patient 
demographics. 
 
 
 
Table 5-1 Description of relevant patient demographics, sample size, modes of acquire, and 
dental phenotype of samples used in this study. 
 
 
Sample	
Tooth	No.																											
(4	of	each)	
Mode	of	Acquire	and	
Dental	Phenotype	
Patient	Demographics		
(Age	and	Race)	
Control	 URC,	ULC,	LRC,	URA	
Normal,	carious	free,	naturally	
exfoliated,	or	extracted	for	
orthodontic	reasons	
3	patients,	all	Caucasian	–	age	
between	6	and	12	years.	Fit	
and	well	
DI	type	I	
(Associated	with	OI)	
LLA,	URC,	LLC,	URB	
(URB,	URC)	naturally	exfoliated	
teeth	with	white/cream	
demarcated	opacity.	
(LLA,	LLC)	carious	extracted	
teeth	as	part	of	treatment	plan,	
with	diffuse	yellowish/cream	
opacity.	
2	patients,	one	Asian	aged	8	
years,	and	one	Caucasian	aged	
9	years.	Both	diagnosed	with	
OI	type	IV	(No	
Bisphosphonate	Therapy)	
DI	type	II	 ULB,	LLA,	URA,	LRA	
Full	clearance	of	severely	worn	
out	dentition.	Teeth	had	diffuse	
demarcation	of	yellowish	
brown	defect	
1	patient,	Asian	aged	5	years	
 91 
 
5.1 Control Sample 
 
First, AFM topographic data at Pre – demineralisation stage, i.e. 0 min, were 
obtained. AFM images show blocked dentinal tubules, and a fully mineralised 
surface, as shown in Figure 5-1. (A) and (B) were taken at lower magnification of 8 
µm and 4.5 µm respectively, showing dentinal tubule distribution and the presence 
of the smear layer. (C) and (D) images were taken at a higher magnification of 1 µm 
and 850 nm, clearly displaying the smear layer and mineralised sample surface. 
 
 
 
 
 
 
 
             (A)                                                                                                                                     (B) 
 
 
 
 
 
 
           (C)                                                                                                                                     (D) 
 
Figure 5-1 Atomic Force Microscopy (AFM) images at different magnifications of a control 
sample before demineralisation protocol is implemented.  
 
 
5.1.1 AFM images after Implementing New Protocol 
(Post- demineralisation) 
 
AFM images of control sample were then obtained after 15 s of sonicated 
demineralisation in 37% Phosphoric acid followed by 5 s deproteinisation in 6.5% 
Sodium Hypochlorite. Topographic images showed clear modified dentinal tubules 
along smooth and debris free dentinal surface. The dentinal collagen network was 
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clearly seen at higher magnification, as shown in Figure 5-2. (A) showed the smear 
free layer and smooth surface. Dentinal tubules distribution at the lower 
magnification of 4 µm, were seen. Although the dentinal tubules appeared blocked 
on the AFM topographic imaging, which might be due to the specific imaging mode 
of AFM used; SEM imaging was carried out later on the same sample and 
unblocked tubules with clear exposure of collagen were seen, as shown in Figure 
5-3. (B), (C), and (D) shows exposure of collagen network at different high 
magnifications of 1.3 µm, 900 nm, and 970 nm respectively. Data Processing- Blue 
lines connected with X’s seen on topographic image (C) represented D-banding 
periodicity within the length of collagen in that area. This was used to produce 
analytical profile graphs, as shown in Figure 3-4 in the materials and methods 
chapter. In this case, collagen D- banding periodicity average taken from multiple 
different sites ranged between 50.38 – 65.13 nm. 
 
 
 
 
 
 
 
 
(A)                                                                                                                                   (B) 
 
 
 
  
 
 
                (C)                                                                                                                                    (D) 
 
Figure 5-2 Atomic Force Microscopy (AFM) images at different magnifications of a control 
sample after demineralisation protocol is implemented, and proving efficacy of the newly 
developed standardized protocol.  
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5.1.2 SEM Images – Post demineralisation of Control Sample 
 
Scanning Electron Microscopy (SEM) imaging of samples were done in follow to 
AFM imaging of demineralised control sample, as shown in Figure 5-3, Figure 5-4, 
and Figure 5-5. Similar to images obtained using atomic force microscopy (AFM), 
SEM images at lower magnifications of 1500 x of dentinal sample surface in (A) and 
(B) seen in Figure 5-3 showed smooth debris free surface with clearly modified, 
unblocked, and well formed dentinal tubules. Relatively large numbers of dentinal 
tubules were noted with an average of 6 tubules per 20 µm square surface area. 
Tubule average diameter ranged from 2 to 4 µm, with very few as large as 7 µm. At 
higher magnifications of 15000x and 12000x, as shown in Figure 5-4 (A) and (B) 
respectively, collagen network and D- banding periodicity was clearly seen and 
identified in both intertubular and intratubular areas. SEM images shown in Figure 
5-5 display clear and regular collagen mesh work at the really high magnification of 
20000x. Some fibrils displayed repetitive behaviour of running parallel to each other 
at different areas of the sample, especially near dentinal tubule lumina. Fibril 
thickness was relatively constant, and their diameter average ranged from very 
small 20 nm to a broader 80 nm – with 80 nm thickness constituting the higher 
percentage. 
 
(A)                                                                                                                                                                 (B) 
 
 
 
 
 
 
 
Figure 5-3 Scanning Electron Microscope (SEM) photo micrograph showing dentinal tubules 
distribution at different areas of demineralised control sample at lower magnifications of 1500x 
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 (A)                                                                                                                                                                          (B) 
 
 
 
 
 
 
 
Figure 5-4 Scanning electron microscope (SEM) photo micrograph showing dentinal tubules 
distribution at different areas of demineralised control sample surface at higher magnifications 
of 15000x and 12000x 
 
 
(A)                                                                                                                                                                        (B) 
 
 
 
 
 
 
 
 
 
 
 
 
   (C)                                                                                                                                                                        (D) 
Figure 5-5 Scanning Electron Microscopy (SEM) photo micrographs showing collagen 
ultrastructure of demineralised control sample at high magnification of 20000x 
.  
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5.2 DI type I sample – DI associated with OI 
 
5.2.1 AFM images 
 
AFM images of DI type I demineralised samples were then acquired, as shown in 
Figure 5-6. Collagen fibrils were clearly seen as indicated by the red arrow in AFM 
image (A), and found to be closely packed at areas. Some fibrils displayed loss and 
/ or extending of the D-banding periodicity, as shown in image (B). Fibril local 
swelling, as indicated by the red circle was also spotted within the seen meshwork. 
Dentinal surface showed acid resistant particles, as indicated by the blue circle in 
(A). The appearance of these spherical structures seemed to be scattered across 
the sample surface, but did not seem to affect collagen fibril exposure. Average 
collagen D-banding periodicity ranged between 51.69 – 82.64 nm, showing 
broadening of the D- band in comparison with control sample data. 
 
 
        (A) (B) 
 
Figure 5-6 Atomic Force Microscopy (AFM) images at different high magnifications of a Dl type I 
– associated with Osteogenesis Imperfecta type IV sample, post demineralisation.  
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5.2.2 SEM images  
 
SEM imaging of the DI type I sample at multiple high magnifications was acquired to 
facilitate better understanding of the observed ultrastructure, as shown in Figure 
5-7, Figure 5-8, and Figure 5-9. Dentine showed smooth debris free surface with 
clearly modified dentinal tubules seen in Figure 5-7 (A) and (B). Dentinal tubules 
were seen to vary in size, and seemed to be blocked at areas, as identified by red 
arrows in Figure 5-7 (A). Relatively smaller numbers of dentinal tubules displaying a 
sparse distribution were noted; with a average range of 3 tubules per 20 µm square 
surface area. Poorly formed dentinal tubules exhibiting a tubule within tubule 
phenomenon, or internal branching, was also seen, as shown in Figure 5-8 (A) and 
(B). Average dentinal tubule diameter ranged from 0.1 to 7 µm, but were mostly less 
than 1 µm. Malformed tubule lumina, seen in Figure 5-8 (C) and (D), was also a 
common finding. Very thin collagen fibrils radiated from the tubules in a spiral 
manner, indicated by red squares in (C).  
 
At higher magnification, as shown in Figure 5-9, the collagen network and D- 
banding periodicity was clearly seen and identified. The collagen meshwork was 
closely packed, and some fibrils displayed repetitive behaviour of running parallel to 
each other at different areas of the sample resembling observations seen in control 
samples. Sudden fibril discontinuity, local swelling, and bending at acute or right 
angles, as indicated by the red circles; was also a common observation.  Unlike 
control samples, fibril thickness varied greatly from extremely thin at areas – almost 
thread like, to a much broader value. Average fibril diameter ranged from very small 
20 nm to a broader 100 nm – with 20 nm thickness constituting a higher percentage. 
 
 
 
 
 
 
 
(A)                                                                                                                                                                     (B) 
Figure 5-7 Scanning electron microscopy (SEM) photo micrographs of DI type I – associated 
with OI demineralised sample, showing dentinal tubules at different magnifications of 1000x, 
and 2500x 
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(A)                                                                                                                                                                     (B) 
 
 
 
 
 
 
 
 
 
 
 
(C)                                                                                                                                                                      (D) 
Figure 5-8 Scanning electron microscope (SEM) photo micrograph of DI type I demineralised 
sample showing ‘’ tubule within tubule’’ branching phenomenon and malformed dentinal 
tubules ultrastructure at different magnification of  8000x, 10000x, 15000x, and 6500x  
 
(A)                                                                                                                                                                       (B)  
 
 
 
 
 
 
 
 
 
 
 
 
 
(C)                                                                                                                                                                       (D) 
Figure 5-9 Scanning Electron Microscopy (SEM) photo micrographs showing collagen 
ultrastructure of demineralised DI type l sample at different high magnifications of 20000x, 
25000x and 15000x.  
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5.3 DI type II sample 
 
5.3.1 AFM Images 
 
AFM images of demineralised DI type II sample was first acquired, as shown in 
Figure 5-10. Collagen fibrils were clearly seen as indicated by the red arrow in 
Figure 5-10 (A), and again local fibril swelling was seen. However it was 
hypothesised that due to the very specific imaging requirements of AFM entailing 
the need to a smooth levelled surface, and other technical errors, topographic 
images of collagen network at some sample surface area was not feasible due to 
small individual sample size, and other sample preparation difficulties. Similar to 
findings in DI type I samples, the appearance of spherical structures seemed to be 
scattered along sample surface, indicated by blue circles in topographic image (B). 
D-banding periodicity of seen collagen fibrils was measured and ranged between 
55.08 – 58.19 nm. 
 
 
          (A)  (B) 
Figure 5-10 Atomic Force Microscopy (AFM) images at different high magnifications of a Dl type 
II sample, post demineralisation.  
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5.3.2 SEM Images 
 
SEM imaging of demineralised DI type II samples was done as shown in Figure 
5-11, Figure 5-12, and Figure 5-13. Dentine showed smooth debris free surface with 
clearly modified dentinal tubules, as shown in Figure 5-11. Similar to findings in DI 
type I samples, relatively smaller numbers of dentinal tubules were visible, 
displaying a sparse distribution, with an average of 2 tubules per 20 µm square 
surface area. Blocked dentinal tubules, indicated by red arrows in Figure 5-11 (B), 
were spotted in different areas of the sample. Furthermore, poorly formed dentinal 
tubules were seen frequently along the sample surface, as shown in Figure 5-12, 
with a neighbouring smaller tubule called accessory branch, or a ‘’twin tubule’’ seen 
in topographic images in Figure 5-12 (A), (B), and (C). Dentinal tubules diameters 
ranged from 0.1 µm to 6 µm, but were mostly between 3 µm and 4 µm.  
 
At the higher magnifications of topographic images reaching 20000 x, the collagen 
network and D- banding periodicity was clearly seen and identified. Collagen mesh 
work was closely packed, irregularly arranged, and some of the fibrils displayed 
seemed to be gelatinised at different areas of the sample. Again, sudden fibril 
discontinuity, local swelling, and bending at acute or right angles were a common 
observation indicated by red circles in Figure 5-13 (A). Collagen fibrils also looked to 
run parallel to each other at some areas of sample, indicated by red rectangle in (B). 
Unlike previous findings in control and DI type I samples, fibril diameter was 
relatively broader, and reached a thickness of 160 nm at areas. Fibril diameter 
average ranged from relatively small 40 nm to a much broader 160 nm – with 100 to 
120 nm thickness constituting the highest percentage.  
 
(A)                                                                                                                                                                     (B) 
 
 
 
 
 
    
Figure 5-11 Scanning electron microscope (SEM) photo micrographs of DI type II demineralised 
sample showing dentinal tubules distribution, and branching presented as a smaller 
neighbouring ‘’twin’’ tubule, at different magnifications of 1200x and 3500x 
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(A)                                                                                                                                                                   (B) 
 
 
 
 
 
(C)                                                                                                                                                                     (D) 
 
 
 
 
 
(E)                                                                                                                                                                     (F) 
 
 
 
 
 
Figure 5-12 Scanning Electron Microscopy (SEM) photo micrographs of demineralised DI type II 
sample showing dentinal tubules and collagen ultrastructure at different magnifications of 
6500x, 8000x, 12000x, and 20000x 
 
(A)                                                                                                                                                                     (B) 
 
 
 
 
 
 
Figure 5-13 Scanning Electron Microscopy (SEM) photo micrographs of demineralised DI type II 
sample showing collagen ultrastructure at high magnification of 20000x 
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5.3.3 Ultrastructural markers of Control, DI type I, and DI type II samples 
 
All investigated samples in this study were assessed according to ultrastructural 
findings obtained through AFM and SEM imaging. Dentinal tubules number, tubule 
diameter, collagen fibril diameter, and collagen D banding periodicity was measured 
at multiple random locations within each sample. After which, frequency colour 
coded graphs are created, and statistical analysis is carried out. Green colour was 
assigned to Control samples, blue to DI type I, and red to DI Type II. 
 
5.3.3.1 Dentinal tubules number and diameter 
 
First, dentinal tubules and diameter of control, DI type I, and DI type II samples was 
assessed using the lower magnifications of SEM images. Due to the difference in 
tubular distribution, and their absence in the atubular dentine in OI / DI samples, the 
highest numbers of tubules measured was in the control samples. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-14 Three frequency colour coded graphs displaying dentinal tubules number and 
diameter of control (green graphs), DI type I (blue graphs), and DI type II (red graphs).  
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Statistical analysis of findings of samples carried out is shown in Figure 5-14. In 
control: 1104 dentinal tubules diameter were measured, and found to range 
between 1 µm and 5 µm, with the greater percentage between 2 µm and 4 µm – 
thus displaying a bell shaped graph. In DI type I teeth samples: 223 dentinal tubules 
diameter were measured, and found to range between 0.1 µm and 7 µm, with the 
greater percentage between 0.1 µm and 1 µm. Finally, In DI type II teeth samples: 
114 dentinal tubules diameter were measured, and found to range between 0.1 µm 
and 6 µm, with the greater percentage between 3 µm and 4 µm.  
 
Afterwards, Kruskal Wallis Test Analysis comparison of dentinal tubule diameter of 
control, DI type I, and DI type II samples was done, shown in Figure 5-15. Medians 
of dentinal tubules diameters were shown to be very different, with outliers indicating 
extreme values noted in Control and DI type I samples - thus the null hypothesis 
that they are the same was rejected. i.e. p < 0.05. It is worth noting that Control and 
DI type II displayed similar median results. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-15 Kruskal Wallis Test Analysis of dentinal tubule number and diameter in control, DI 
type I, and DI type II samples 
 
 
 
Kruskal Wallis Test 
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5.3.3.2 Collagen D Banding Periodicity 
 
The dentinal collagen ultrastructural topography and markers was then examined. D 
banding periodicity of collagen were measured using topographic data extracted 
from AFM and SEM images for all three sample groups. It is worth mentioning that 
some fibrils, especially the ones found in the DI type I samples, displayed loss of D 
band periodicity, or were too small that even under the highest magnification, the D 
band periodicity was not clearly distinguished. D banding of these fibrils were 
therefore excluded from the data analysis.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-16 Three frequency colour coded graphs displaying collagen D banding periodicity of 
control (green graphs), DI type I (blue graphs), and DI type II (red graphs 
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Statistical analysis of collagen D banding periodicity measured at 50 different 
randomly chosen locations was done, as shown in Figure 5-16. In the control 
samples, D banding periodicity ranged between 52 nm and 77 nm, with the greater 
percentage between 57 nm and 72.5 nm – displaying a bell shaped graph. In DI 
type I, collagen D banding periodicity measured at 50 different randomly chosen 
locations ranged between 50.5 nm and 80 nm, with the greater percentage lying 
between 60 nm and 65 nm. In DI type II samples, collagen D banding periodicity 
measured at 50 different randomly chosen locations ranged between 53 nm and 
76.2 nm, with the greater percentage between 53 nm and 56.5 nm. Furthermore, 
Kruskal Wallis tests of the collagen D banding periodicity displayed similar, almost 
same median values across the three independent sample groups, as shown in 
Figure 5-17. Thus the null hypothesis was retained with significance value of 0.088; 
i.e. p > 0.05. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-17 Kruskal Wallis Test analysis of D banding periodicity in control, DI type I, and DI 
type II samples. 
 
 
 
 
Kruskal Wallis Test 
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5.3.3.3 Collagen fibril diameter 
 
Each individual fibril was measured at different locations within its running course 
along dentinal surface. This was done in addition to measuring different fibrils at 
randomly selected located within the intertubular dentine. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-18 Three frequency colour coded graphs displaying collagen fibril diameter of control 
(green graphs), DI type I (blue graphs), and DI type II (red graphs 
. 
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Finally, collagen fibril diameter was measured, at 80 different randomly chosen 
locations and subsequent statistical analysis was carried out, as shown in Figure 
5-18. Fibril diameter in control samples ranged between 20 nm and 80.2 nm, with 
the greater percentage lying between 40 nm and 80 nm – thus displaying an S 
shaped graph. In DI type I it ranged between 20 nm and 100 nm, with the greater 
percentage between 60 nm and 80 nm. DI type II fibril diameter ranged between 40 
nm and 160 nm, with the greater percentage between 100.2 nm and 120.8 nm. 
Kruskal wallis test analysis displayed similar results to ones obtained with dentinal 
tubules diameter measurements, as shown in Figure 5-19. Collagen fibril diameter 
analysis demonstrated different median values, thus null hypothesis was again 
rejected; i.e. p < 0.05. It is worth noting in this instance that control and DI type I 
displayed similar but not identical results. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-19 Kruskal Wallis Test analysis of collagen fibril diameter measured in control, DI type 
I, and DI type II samples. 
 
Kruskal Wallis Test 
 5.4 Summary of Ultrastructural Findings 
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 5.5 Fractured Surface – Prelude to Future Merit  
 
Towards the end of this study, one of the DI type I sample section spontaneously 
fractured during preparation for SEM. This is believed to be due to the extreme 
dehydration protocol implemented as part of sample preparation prior to SEM 
imaging. The fractured surface was then demineralised / deproteinised, after which 
it was imaged and analysed. Due to the small sample size, which was one of the 
main limitations of this study, a comparison between DI type I and DI type II 
fractured surfaces was not possible at the time. However, comparison between 
control and DI type I fractured surfaces was achievable. SEM topographic imaging 
analysis of both samples was then carried out, as shown in Figure 5-20, Figure 
5-21, and Figure 5-22. Another limitation was the fact that image analysis under 
AFM was not possible, as AFM requires a flat smooth surface that could not be 
attained within the fractured outline. 
 
5.5.1 DI type I SEM Images of Fractured Sample Surface 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-20 Scanning Electron Microscope (SEM) micro photograph displaying different 
magnification of fractured tooth section of DI type I sample at 65x, 1000x, 6500x, and 8000x. (E)- 
Enamel, (D)- Dentine, and (F)- Fractured portion of sample.  
 
D 
 
              E 
F 
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5.5.1.1 Ultrastructural Findings 
 
The images showed greater numbers of dentinal tubules and variance in size within 
the fractured surface than ones assessed in previous polished samples. This could 
possibly be due to tubular branching and orientation within the fractured surface. 
Well formed tubules were observed to scatter with blocked ones, and tubular 
blockage was seen to be due to overgrowth of the collagen meshwork, indicated by 
the red circle in Figure 5-20. A relatively clear collagen network was identified in 
intertubular dentine all along the fractured surface. Cracks was also seen in addition 
to collagenous fibrils, as indicated by red arrows in Figure 5-21, showed extension 
at terminal ends, and exhibited elastic behaviour that seemed to resist fracture and 
fragmenting of the dentinal tissue. 
 
 
Figure 5-21 Scanning Electron Microscope (SEM) micro photograph displaying dentinal tubules 
and collagen ultrastructure at different magnification of fractured tooth section of DI type I 
sample at 10000x, 12000x, and 15000x 
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5.5.2 Control SEM Images of Fractured Sample Surface 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-22 Scanning Electron Microscope (SEM) micro photograph displaying dentinal tubules 
and collagen ultrastructure at different magnification of fractured tooth section of Control 
sample at 65x, 1000x, 3500x, 10000x, and 15000x. (D) Dentine, and (F) Fracture outline 
 
 
 
 
F 
D 
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5.5.2.1 Ultrastructural Findings 
 
To replicate the manner of sample preparation in the DI type I sample, an induced 
fracture of a dehydrated control sample using light tapping with surgical hammer 
and chisel was done, and the fractured demineralised surface of sample was 
subsequently imaged using SEM, as shown in Figure 5-22. Dentinal tubules and 
collagen fibril network were also clearly seen along the fractured surface, with 
blockage of some tubules with what seemed like gelatinised masses of collagen, as 
indicated by red circles. Again, fibrillar extension at terminal ends that exhibited 
elastic behaviour and seemed to resist fracture and fragmenting of the dentinal 
tissue was also observed in the control samples.  
 
 
 
5.5.3 Fractured Versus Polished: A Comparison of Images and A New Hypothesis 
 
It was only logical at this point of research to compare findings of SEM topographic 
images between fractured and polished surfaces of the control and DI type I 
samples. Although this comparison might be relatively biased, given the fact that we 
are comparing only one sample from each group, it is nevertheless still considered 
relevant. Figure 5-23 shows topographic images of control and DI type I polished 
and fractured surfaces. In both surfaces of the control sample, dentinal tubules were 
large in numbers and well formed, however blockage of some tubules with what is 
hypothesised to be gelatinised mass of collagen fibrils in the fractured surface was 
observed. Fibrillar network arrangement and fibril diameter in the fractured surface 
was regular and constant, resembling findings in control polished surfaces. 
However, collagen damage and gelatinisation was seen at multiple areas of the 
fractured sample surface.  
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(A) 
 
 
 
 
 
 
 
(C) 
 (B) 
 
 
 
 
 
 
 
  (D) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-23 Scanning Electron Microscope (SEM) micro photograph displaying dentinal tubules 
and collagen ultrastructure of polished and fractured tooth section surfaces of Control and DI 
type I samples at magnification of 15000x. (A) Polished control, (B) Fractured control, (C) 
Polished DI type I, and (D) Fractured DI type I 
 
Conversely, SEM images of DI type I fractured surface seemed to be of a better 
topographic nature when compared with other prepared and polished samples. 
Closely packed collagen network and the occasional fibril local swelling were 
observed. Both fractured samples of control and DI type I exhibited a peculiar 
occurrence of fibril extension and thinning in areas were fragmentation of the 
dentinal structure separates into two or more fragments. This signified elastic 
properties of the collagen type I, and thus the hypothesis that collagen plays a major 
role in dentine resiliency and resistance to fracture and applied mechanical tensions 
was confirmed. This finding bore a close resemblance to findings in a study that 
looked at collagen type I mineralised fibrils of fractured bone, (Fantner et al, 2005). 
Two pieces of human trabecular section of bone, as shown in schematic diagram 
(D) of Figure 5-24, were put in contact then pulled apart for repeated cycles under 
cantilever AFM. It was found that after the pieces were pressed together, application 
of force is needed to separate them again, thus indicating existence of adhesive 
factors between the two. AFM images of fractured bone sample, as shown in Figure 
5-24 (A), (B), and (C), showed the presence of extra-fibrillar glue like filaments 
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stretched and seemed to be holding collagen fibrils together, as indicated by white 
arrows. Moreover, the force required to separate the fractured bone pieces was 
found to mostly dissipate when bone sections were placed in buffer solutions 
containing Calcium ions while conducting the experiment, with filaments observed to 
stretch and adhere to a greater length. It was proposed that the extra fibrillar glue 
like filaments are non-fibrillar organic matrix such as bone matrix proteins, 
proteoglycan, and osteopontin; which resist separation of collagen fibrils and spread 
of micro cracks.    
 
 
 
 
 
 
 
 
 
 
Figure 5-24 AFM imaging of fractured section of trabecular human bone (A),(B), and (C). And 
Schematic representation of extrafibrillar glue like filament between two bone sections (D), 
(Fantner et al, 2005) 
 
 
 Furthermore, a last observation was made. It was seen that the collagen fibril 
network in the DI type I polished sample surface, and overall topographic 
appearance resembled to a great extent the collagen fibril network in the control 
fractured sample surface; excluding the independent single fibril assessment. Also, 
although both samples were dehydrated and handled using identical protocols, 
control samples required an induced mechanical force to encourage fracture, unlike 
the DI sample. This might suggest that the collagen in DI is actually weaker with 
relatively altered or lower mechanical properties than control. Further 
experimentation of the dentinal collagen mechanical properties of control and DI / OI 
affected teeth will need to be done to confirm this hypothesis. 
  
 
 
 
 
 
 
 
 
Chapter 6 – 
Discussion 
“Merits of the Study and 
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 115 
Chapter 6 Discussion “Study Merits & The Clinical 
Perspective” 
 
The main aim of this study was creation of a sample specific demineralisation 
protocol through continuous evaluation and modification, to expose collagen 
ultrastructure and subsequently carry out nanometrology assessment and 
statistical comparison of the collagen’s characteristic morphological markers in 
control teeth versus OI / DI samples. Nanotechnology have always been an 
imperative mean of understanding and handling of biological processes at a 
cellular, molecular, and nano-scale level (1 – 100 nm). There is evidence to 
suggest that the use of nanotechnology as a form of scientific evolution can 
actually be tracked back to 1867, where it was first mentioned as a concept by 
James Clerk Maxwell through his proposed experimentation techniques called 
the Maxwell’s Demon, (Kumar et al, 2011).  
6.1 Nano – Dentistry  
 
‘’Nano Dentistry’’ is defined as the technology and science of preventing, 
diagnosing, and treating oral diseases through pain relief, preserving, and 
improving dental health using nano structured dental materials (S. Mantri and P. 
Mantri, 2013). Using the tools of nano – characterisation, it is possible to 
recognise and appreciate the nature of oral disease and assess its onset and / 
or rate of progression; and thereby cure or prevent it  (Sharma et al, 2010). The 
evolution and on going advancement of nano- dentistry is heading towards 
employing tools of nano characterisation and developing of nano materials such 
as nano solutions, nano fillers of impression materials, nano composites, and 
even dental nano robotics (Rybachuk et al, 2009 and Kumar & Vijayalakshmi, 
2006). These tools will ultimately aid in improving and advancing regenerative 
and restorative dentistry, and collagen based materials through observing and 
quantifying of dentinal collagen and structural surface, (Bozec and Horton, 
2006). Atomic force microscopy (AFM) is a common form of nano 
characterisation of dentinal surface, and has been repeatedly used by many 
researchers to collect quantitative and qualitative data, thus providing essential 
insights on progression of disease and oral treatments degree of effectiveness, 
(Sharma et al, 2010). AFM ability to image a sample at a nano resolution that 
lies within multiple magnification ranges under natural conditions, and requiring 
no to minimal sample preparation to produce three dimensional quantifiable 
surface images; was proven to be one its main advantages, (Kumar et al, 2011). 
Different modes of AFM, such as Piezoresponse Force Microscopy (PFM) also 
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showed to be useful in differentiating between mineral and organic components 
of dental tissues, (Gruverman et al, 2007). However, a limitation to this method 
of sample assessment at a nano level is the need for polished, smooth, and 
levelled surface to allow topological imaging. This limitation was one of the major 
study limitations that were faced during the course of this research. Obtaining 
smooth polished surface was not always attainable, especially with the 
extremely rare DI type I and II affected primary teeth samples. This is due to the 
particularly small individual sample size caused by intraoral tooth wear and / or 
carious lesions. In the process of cutting, removal of any existent carious 
lesions, and polishing samples during sample preparation; an approximate 2-3 
mm of total surface area is lost, which was in some instances simply considered 
an unaffordable tooth structure loss.  
It was at this point of the study that a decision was made to in corporate 
Scanning Electron Microscopy (SEM) as an alternative and supportive mode of 
nano assessment, thus preserving as much of tooth structure as possible, that 
was otherwise lost in preparation procedures. Sample polishing and obtaining a 
perfectly smooth sample surface was not an obligatory requirement, and did not 
limit imaging or acquiring of topological data. It is worth mentioning that all 
control samples that were previously scanned by AFM, were consequently 
examined under SEM to ensure that AFM contact mode used did not cause any 
damaging effects to the sample surface. Unlike AFM, SEM imaging will require 
other means of preparation encompassing sample dehydration, gold / palladium 
coating to facilitate electrical conductivity, and imaging in high or absolute 
vacuum environment. This may introduce other variables that could affect 
dentine and collagen properties. Although it was demonstrated by recent studies 
that a high vacuum environment will not alter collagen fibrillar structure in the 
biochemical and / or mechanical sense (Anderton et al, 2013), dehydration of 
collagen fibrils on the other hand were shown to significantly lower its 
mechanical properties and flexibility, thus resulting in a stiffer form of the 
collagen fibril, (Chung et al, 2010 and McDaniel at al, 2007). Moreover, it is 
believed that dehydration will also cause overall dimensional changes and 
shrinkage of the collagen due to the increase in the interpeptide hydrogen 
bonding in the absence of water, (Wang et al, 2012). Regardless of possible 
affects of the above mentioned factors, all samples were prepared using 
identical preparation methods and standardized protocols, and therefore has 
undergone same affecting conditions. Hence, statistical analysis of results 
obtained is considered to be true and irrelevant to any dimensional or 
mechanical changes that collagen may have undergone. 
 117 
 
6.2 Modified Demineralisation  
 
6.2.1 Use and Application of Phosphoric Acid 
 
Many different acids and demineralisation protocols were implemented in literature 
as means to remove smear layer, unblock dentinal tubules, and / or expose dentinal 
collagen. In addition to the commonly used etchant that is phosphoric acid; nitric 
acid, citric acid, and EDTA was also used at various concentrations. Sample 
preparation techniques ranged widely from exceptionally complex and lengthy 
procedures that involved the use of two etchants consecutively, repeated surface 
polishing, freezing of samples, or leaving in low concentration / weak acid for long 
periods of time; to simple acid etching for 15 – 30 s then washing samples under a 
water stream. One of the main objectives of this study was to design the simplest 
and most effective form of demineralisation, then prove its repeatability, and ease of 
applicability for scholars who wish to adopt it in their research methods. 37% 
Phosphoric acid was the acid and concentration of choice in this study due its 
relevance to the typical clinical setting, and most importantly, due to the fact that it is 
a very strong and potent acid. It is hypothesised that the PH of an acid is directly 
related to its effect. Phosphoric acid is characterised with a highly acidic nature 
when compared with other acids, with a PH of 0.9 – 1, thus containing higher 
concentration of hydrogen ions (Ferracane et al, 2013).  
 
Several studies have looked at the effect of phosphoric acid etching on dentinal 
collagen and matrices. It was concluded that etching depth and dissolution of 
collagen is increased with longer acid applications, with the most aggressive effect 
observed when it is in a liquid rather than gel form (Okamoto et al, 1991 and 
Oyarzuan et al, 2000 and Perdigao et al, 1996). In general, the etching effect of 
acids on dentine will lead to surface demineralisation reaching a depth of 2 – 6 µm 
(Inokoshi et al, 1993). It was also argued that exposure of dentinal surface to 35% 
phosphoric acid for more than 15 s will lead to structural modification and damage of 
collagen fibrils (Breschi et al, 2003). In this study, acid etching by 37% phosphoric 
acid for 15 s proved to be sufficient for exposure of collagen. However, despite 
phosphoric acid’s potency, additional measures had to be taken to overcome certain 
property limitations of both the etchant and etched surface. The in corporation of a 
deproteinisation agent, that is Sodium Hypochlorite was found to be of great value. 
Sodium Hypochlorite, PH of 11.9, is a halogenated compound capable of removing 
carbonate, magnesium, and calcium ions due its non-specific proteolytic mode of 
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action, (Heredia et al, 2008 and Sakae et al, 1988). The use of 6.5% Sodium 
hypochlorite for 5 s resulted in better topographic images of the collagen 
ultrastructure. Additionally, modification to the mode of demineralisation was done to 
enhance its effect. 
 
6.2.2  Proposed Theory – Sonicated Etching 
 
Since the specific wetting and etching properties of phosphoric acid itself cannot be 
modified or altered for the purpose of this study, we have taken a different approach 
into acid manipulation and technique modification. Keeping in mind that a polished 
sample will usually be placed in an ultrasonic bath to aid in clearing out surface 
impurities using high frequency ultrasonic pressure waves, it was proposed to use 
this micro –mechanical mechanism to facilitate better penetration of the etching 
solution and maximise its effect, as shown in Figure 6-1. Phosphoric acid drops 
applied conventionally on top of sample surface allowed dissolving of surface 
minerals covering collagen meshwork in one direction, and at a relatively shallow 
depth of penetration, shown in (B). Minerals are partially dissolved, with considerate 
amount still covering collagen at some areas of sample surface, shown in (C). 
However, Sonication of phosphoric acid during demineralisation of dentinal surface 
aided demineralisation process to move in multiple directions within sample surface 
– downward to a deeper depth and sideways, shown in (D). Significant improvement 
in the demineralisation effect was achieved and Collagen D banding structure and 
overall fibril network became more visible with AFM and SEM imaging, shown in (E) 
and (F).  
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                                     Partial Demineralisation                                                             Complete Collagen 
                                                                                                                                                  Exposure 
 
 
 
Figure 6-1 Simplified Schematic 2-D representation of demineralisation protocol effects on 
mineralized dentine surface. (A) Mineralized dentine. (B) Phosphoric acid drops applied 
conventionally on sample surface. (C) Minerals are partially dissolved (D) Sonication of 
phosphoric acid during demineralisation of dentinal surface. (E) Surface minerals almost 
completely removed. (F) Collagen D-banding structure is more visible. 
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6.3 Looking at the Ultrastructure 
 
6.3.1 Dentinal Tubules Ultrastructure 
 
Studies of the dentinal structure was historically investigated using a wide range of 
techniques including histochemistry, polarized-light microscopy, phase contrast 
immune-fluorescence microscopy, and microradiography. In the more recent 
studies, SEM, AFM, and Transmission electron microscopy (TEM) is conventionally 
used, (Mjor & Nordahl, 1996). Observations of differences in dentinal tubule 
branching, tubule curvature, and tubule size according type of sound and healthy 
dentine examined, such as crown, root, primary, or permanent dentine; was 
repeatedly reported. Dentinal tubules branching is a common finding in dentine, and 
is commonly known as dentinal canaliculi or enamel spindeles, (Davis et al, 2015). It 
was reported in literature that there are three main types of tubule branches: Major / 
terminal branches, Fine, and Microbranches.  Variations in tubule numbers between 
different types and sites were seen, (Ketterl, 1961 and Marshall et al, 1997). 
However, a recent study hypothesized that tubule density was higher in primary 
dentine when compared with permanent, with no significant difference in terms of 
tubule diameter, (Lenzi et al, 2013). The number of dentinal tubules were found to 
significantly increase as they approach the pulp; which can be due to convergence 
of tubules as they approach the pulp, (Schilke et al, 2000). This might explain the 
presence of small numbers of dentinal tubules seen in DI teeth, which might be due 
to alteration of their pathway and convergence within dentine thickness as a result 
of over-mineralisation and obliteration of the pulpal tissue. Furthermore, dentinal 
tubule diameter was shown to increase considerably and dilatation of the tubule 
lumina is observed after demineralisation, as reported by (Bradford, 1955 and 
Schilke et al, 2000).  
 
In this study, branching of dentinal tubules was evident in all sample groups. In 
control and DI type II, it was observed as a slightly smaller neighboring tubule. 
However, in DI type I samples, ‘’ tubule within tubule’’ or inter- tubular branching 
was seen. It was not possible to compare our findings of dentinal tubules number 
and diameter seen in control teeth to literature due to the extreme variability and 
inconsistency of past studies. Alternatively, a most recent study in 2015 that looked 
at dentinal tubules branching in DI type II obliterated primary teeth and correlated X-
ray microtomograpy (XMT) and 3 D imaging, found that dentinal tubules were 
significantly larger in diameter when compared to control, (Davis et al, 2015). These 
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larger tubules were generally located in the central part of the tooth, where the 
pulpal tissue would have been. As XMT will not normally be able to detect smaller 
tubular branches within dentine, only larger tubules with diameter of 20 µm and up 
to 200 µm were reported to exist. It was also reported that tubules observed tend to 
get wider as it travels in close proximity to the enamo dentinal junction (EDJ), as 
shown in Figure 6-2. This was consistent with results obtained in this study, which 
showed that the mean variance of dentinal tubules in control versus DI types I and II 
teeth was significantly different, with the largest tubule diameter seen most 
frequently in DI type I samples. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-2 XMT images of DI type II affected primary molar at multiple planes, perpendicular to 
each other – black bar is 2 mm 
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6.3.2 Collagen Ultrastructure 
 
It was found that D banding periodicity average of control teeth examined was 
consistent was literature review values. D- banding of OI/DI teeth samples varied 
greatly from being as small as 50 nm a greater periodicity value of 82 nm. It was 
mentioned in literature by (Shapiro 2013) that broadening of the D-banding 
periodicity and spacing variability of collagen D-banding in bone was seen. This was 
again consistent with observed results in this study, where loss of collagen D 
banding periodicity was seen at numerous occasions in DI type I samples, and D 
band broadening up to 82 nm was measured under AFM. However, when compared 
with control teeth, all samples had similar median values and thus differences in D 
banding was found to be statistically insignificant. When we looked at independent 
fibril morphology and diameter, similar findings were observed in DI type I and type 
II samples. Nobulisation, or appearance of fibril local swelling, sudden discontinuity, 
abnormally thin or broad fibril diameter, and fibril bending was frequently detected 
along sample surface. This phenomenon was not found in control dentine samples. 
A study in 1995 that examined the morphology and ultrastructure of OI affected 
bone, reported the presence of ‘’lobulated’’ collagen type I fibrils in transverse 
sections of bone. Additionally, atypical thickening, sudden twisting of collagen fibrils 
at right angles, and sudden breakage was observed, (Cassella et al, 1995). 
Presence of delicate and thin fibers called subfibrils, with loss of the striation 
identity, that is D banding periodicity, was also reported, (Haerbara et al, 1969). 
 
 
6.3.3 Mineral Content 
 
A total of 15 s continues demineralisation was sufficient to expose collagen fibrils in 
both control and DI / OI affected teeth samples. Unlike findings in control, DI / OI 
affected teeth shared a strange phenomenon of appearance of micro-spheroid like 
structures that increased in number with demineralisation time. This appearance of 
acid resistant areas and spheroidal structures post demineralisation may be caused 
by alteration of the chemical composition of matrix minerals that is resistant to the 
demineralisation process in DI teeth. Other affecting factors will include ratio of 
mineral content, surface roughness, acid concentration, and demineralisation time 
employed. It was hypothesized that these spheroids are Amorphous Hydroxy 
Apatite (HA) or calcium phosphate crystals released as a result of the 
demineralisation mechanism. This was supported by a study that looked at 
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mineralized tissue in 2005, as shown in Figure 6-3. This does not necessarily mean 
that OI /DI affected dentine will have higher mineral content than control in the 
quantitative sense, but rather a qualitative difference of the mineralized tissue was 
observed. This may be due to the fact that causative gene mutation in DI is 
essentially related to DSPP, responsible for dentine and collagen mineralization 
during Dentinogenesis. There is evidence to suggest that despite the common belief 
that blue sclera seen in OI patients is due to thinning of the scleral structure, it was 
in fact found that the this was a shared misconception and that alteration in scleral 
tissue was due to increased granular and dense material between scleral collagen 
fibers. This may be well due to alterations in matrix composition (F.S. Van Dijk & 
D.O. Sillence, 2014), however scleral hue is a more variable feature than dental 
phenotype of DI, and tends to disappear in some patients with age, (Amor, 2011).  A 
reasonable rationale to assume that the bluish/ greyish hue of dentine observed in 
DI/ OI affected teeth might be due to presence of amorphous calcium phosphates, 
or immature hydroxyapatites, within dentinal matrix. However, (Lindau et al, 1999) 
hypothesized that the typical phenotype of DI affected teeth showing variations of 
color tints, may be caused by blood vessels remnants being encompassed therein, 
as a result of the rapid development of dentine, ultimately leading to pulp 
obliteration.  Alternatively, a yellowish hue seen in worn out dentition may be 
acquired through chromogenic factors in food once enamel is lost due to the 
weakened enamel dentine junction (EDJ) in DI/OI affected teeth. 
 
 
 
 
 
 
 
 
 
Figure 6-3 AFM image showing clusters of residual acid-resistant clacium-containing spherites 
(indicated by arrows) (Bozec et al. 2005) 
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6.4 Mind the Gap: Bridging Medical to Dental Findings 
 
There are two approaches towards treating any disease. One can follow either of 
two possible treatment pathways. A negative pathway, which is limiting and 
controlling contributing factors or processes that might aid its progression; or the 
positive pathway, which is curing and / or treating actual causative factors that 
resulted in the development of the disease in the first place.  As most cases of OI 
and DI will be detectable at a young age, early intervention and appropriate 
education and care for both the child and parent is advocated, (Huber, 2007). 
Medical, dental, behavioural, and even psychological interventions may be required.  
 
Medical therapies in OI used to support bone structure such as use of growth 
hormones, calcitonin, cortisone, sodium fluoride, vitamins D & C, and anabolic 
steroids; was proven to be ineffective, (Seikaly et al, 2005 and Pizones et al 2005). 
Medical research attention was then drawn towards use of Bisphosphanates 
therapy (BT). BT was proven to reduce pain and bone fractures, thus significantly 
improving quality of life in cases of severe or moderate OI. Two different types of BT 
is nitrogenous BT and non nitrogenous BT. Non nitrogenous BT will initiate 
apoptosis of osteoclasts, while nitrogenous BT will disrupt its formation, (Dwan et al, 
2014).  Bisphosphanates was first medically used in 1968 due to its high affinity for 
(HA) crystals, and ability to block its dissolution which possibly led to retardation of 
bone resorption, (M.D. Francis and D.J. Valent, 2005). Several studies reported that 
bone turnover markers in OI patients are increased, (Braga et al, 2004). It was also 
reported that increased serum level of the non-collagenous protein osteocalcin in OI 
led to the seen increased bone turnover, (Rauch F et al, 2004). Indeed, BT was 
shown to reduce turnover of bone in OI and increase its density. However, while BT 
will decrease rate of bone fracture, it is not expected to cause any collagen type I 
alterations, (Reid, 2002). Conversely, it is unclear whether changes in bone 
mineralization pattern caused by BT would be the one that alter collagen 
ultrastructure in an indirect manner. (Allen et al, 2008) suggested that pronounced 
structural changes of collagen type I in bone was observed after sustained 
Bisphosphonate therapy. Furthermore, a recent study in 2008 implied that other 
factors than ultrastructural alteration of collagen type I are responsible for the 
altered bone tissue characterization seen in OI. Increased matrix mineralization 
density and abnormally high mineralization was observed, thus suggesting that the 
characteristic phenotype seen in OI patients is due to reduced bone mass, 
increased mineralization, and impaired architecture of bone trabecula (Roschger et 
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al, 2008). This disturbance in bone matrix mineralization might be a consequence of 
failure in the osteoblast differentiation pathway and synthesis of the non-
collagenous matrix proteins, (Vetter et al, 1991). In teeth, a common observation in 
OI patients undergoing BT, was that primary dentition was affected with some form 
of DI, while permanent successors did not display any defective phenotype.  It 
would be interesting to look at collagen ultrastructure of DI/ OI teeth of patients 
undergoing Bisphosphonate Therapy to confirm this hypothesis. This was 
unfortunately not possible to perform during the course of this study due to 
unavailability of samples. 
 
 Furthermore, studies that looked at children’s OI affected bone ultrastructure found 
that bone trabecular number per mm of cross section was reduced by up to 57%, 
leading to decreased cancellous bone volume. Trabecular thickness was also found 
to be lowered by up to 27%, however difference in bone volume were seen to be 
mostly due to differences in numbers of trabecula rather than thickness. It was 
hypothesized that these findings were due to defects in mechanisms of external 
bone modeling of size and shape, and endochondral production of secondary 
trabecula (Rauch et al, 2000). Similar findings were obtained in this study, where 
dentinal tubules number and diameter in DI/OI teeth samples were significantly 
different to control, reaching an extremely small diameter of 0.1 µm – 1 µm in DI 
type I teeth as opposed to 2 µm - 4 µm in control teeth. Likewise, much smaller 
number of dentinal tubules was observed in DI samples, ranging between 2 – 3 
tubules per 20 µm square area; whereas tubule number in control reached almost 
the double of that range of 5 – 6 tubules per 20 µm square area. This suggested 
that ultrastructural alterations seen in OI/DI might not be solely due to alterations in 
the collage. 
 
Alternatively, several studies have investigated the effect of growth factors on the 
mechanism of bone mineralization, and its promising influence on treating OI 
patients. Increased levels of (FGF)23 – Fibroblast Growth Factor and (OPN)- 
Osteopontin was found to be associated with defective mineralization in bone, (Yu-
Chen Guo and Quan Yuan, 2015). Additionally, (TGFβ)- Transforming growth 
factors, (BMP)- Bone morphogenic proteins, (IGFs)- Insulin Like Growth factors, 
(NGF)- Nerve Growth Factor were found to play a significant role in inducing and 
regulating mineralization in dentine, and thus proving to be vital for possible pulp-
dentine regeneration and future application in tissue engineering, ( Kim et al, 2012). 
Additionally, BT was shown to antagonize bone growth factors and inhibit signaling 
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pathways of (IGFs) in cancer cells, (Tang et al, 2009 and Fromigue et al, 2003). 
Conversely, (Erlebacher et al, 1996 and Grafe et al, 2014) found that 
overexpression of (TGFβ) resulted in lowering of bone mass, and therefore 
suggested that neutralizing its over activity may introduce new means of treating OI. 
Controlled release of growth factors was also found to be of value in pulp-dentine 
regeneration, (Mathieu et al, 2013). (PDGF)- Platelet Derived Growth Factor and 
(IGFs) found in activated (PRP)- Platelet Rich Plasma was also reported to induce 
mineralization in dentinal tissue, and found to be of value in regenerative endodontic 
procedures, (Xinzhu Li et al, 2014 and Martin G et al, 2013, and Jadhav G et al, 
2012). It is therefore established that growth factors may be closely associated with 
tissue mineralization and defense reactions subsequent to tissue injury. Once 
growth factors are incorporated within dentinal matrix, they become fossilized and 
thus their biological activity is retained through interaction with (ECM)- extracellular 
matrix of dentine. It is therefore important to question the traditional understanding 
of dentine being relatively inert, (Anthony J. Smith, 2003). If we draw attention away 
from obvious causative factors of DI and OI, that is DSPP and COL1A1 & COL1A2 
mutations, and towards other possible hidden causes; it is quite possible to 
rationalize common unexplained observations seen in these diseases. Since growth 
factors can be utilized towards pulpal – dentinal tissue regeneration; the pulpal 
obliteration seen in DI affected teeth, and low levels of calcium reported in OI that 
doesn’t seem to be bettered using supplemental therapy may very well be due to 
defective growth factors that alters mineral deposition and the overall mineralization 
process. Assuming that the defective mineralization in DI/ OI affected teeth is 
caused by altered growth factors activity, it is safe to say that finding means to 
control growth factors by either inducing or inhibiting its specific markers might lead 
us into better understanding of the disease, and possibly find effective means to 
treat it. Further research will need to be done to identify such factors and quantify 
their effect, and degree of relevance to the dentinal tissue. 
 
 
6.5 Phenotype Versus Genotype 
 
Current research of Osteogenesis Imperfecta has been examining the relation 
between the clinical picture or the phonotypical features of the disease, and the 
specific independent causative gene mutation. Review of Sillence’s classical 
classification comprising of 4 main types, and development of new classification 
according to genotype cross matched with phenotype characteristics seen was 
therefore suggested, and OI was classified to up to 15 different types by looking at 
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vast numbers of the OI population and carrying out ultrastructural and histological 
studies, (Forlino et al, 2011). Dentine ultrastructure in Dentinogenesis Imperfecta, 
on the other hand, was never looked at in such a way that quantifying qualitative 
and quantitative defects of dentinal matrix and collagen was possible. One of the 
main reasons for this was difficulty to obtain viable samples as they are extremely 
rare to find. Another reason, was the challenges presented when attempting to 
expose collagen network through performed demineralisation protocols. These 
challenges were overcome in this study, which will hopefully be a starting point 
towards examining a wider range of samples and ultimately creating a database in 
which collagen and dentinal ultrastructure can be compared and assessed on a 
molecular and nano scale level. Moreover, collecting saliva samples to examine and 
cross match genotype and phenotype of gathered samples can be implemented as 
part of future work. A review of Dentinogenesis Imperfecta classification is therefore 
proposed once sufficient data is collected.  
 
 
6.6 Application in Clinical Setting 
 
 One of the main challenges faced in the dental chair when treating OI/ DI patients is 
the difficulty to restore affected dentitions. Approach for managing DI patients will 
vary depending on the severity of the clinical expression. Caution must be taken 
when treating patients diagnosed with DI type I, associated with OI, if surgical 
procedures or forceful extractions that could transmit forces to jaw bone and 
increase the risk of fracture, (American Academy of Pediatric Dentistry, 2013). 
Preventive care through early identification of the disease during regular dental 
check ups and screening is critical. Reinforcing of oral hygiene instructions that 
entails daily brushing using fluoride toothpastes in addition to a low sugar and low 
acid diet, must be done, (Dummet, 2005). DI patients will not normally experience 
any sort of dental pain due to pulpal obliteration and the relatively normal caries / 
periodontal disease risk. However, patient’s possible heightened anxiety towards 
any medical or dental procedures, aesthetics concerns, and frequent occurrence of 
multiple abscesses that may lead to early teeth extraction and possible future 
malocclusion; is a main concern. High incidence of class III malocclusion and 
posterior crossbites and openbites was reported in cases of DI type I, (O’Connell 
and Marini, 1999). DI patients will normally be treated with routine restorative 
techniques; however, a concern is raised in cases where teeth are shown to be 
severely affected. In severe cases, rapid wear and obvious discoloration of teeth 
that is aesthetically unpleasing is seen. Due to the increased tendency of composite 
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restoration to fail in DI patients; glass ionomer materials is commonly used as 
means of restoring DI teeth as it does not depend on mechanical interlocking with 
collagen, (Perdigao, 2009). However, the longevity of these types of restorations is 
debatable. Full coverage restoration such as stainless steel crowns (SSC) and 
overlay dentures, while not an ideal treatment choice for young patients; may 
become necessary to preserve aesthetics, function, and prevent loss of vertical 
dimension, (Sapir and Shapira, 2001).  
 
It is unclear whether the mode of restoration and improper etching of teeth prior to 
applying of dental composites, or possible dentinal matrix or collagen alterations; 
that might be ultrastructurally defective and mechanically weaker thus forming an 
ineffective hybrid layer during bonding; is the causative factor. (Yang et al, 2005) 
demonstrated that alterations in the helical structure of dentinal collagen and 
mechanical properties will have a significant effect on determination of bond 
strength. It is believed that collagen ultrastructure alterations decreases its 
mechanical properties and result in impaired durability of the dentine – resin 
interface, and effect the quality of bonding (Nakabayashi and Pashley, 1998). It was 
proven in this study that DI/OI collagen revealed certain structural differences when 
compared to healthy collagen. This implies the necessity to modify resin restoration 
techniques currently used to better fit the altered collagen properties. In relevance to 
the findings of this study, the use of liquid form acid etch instead of gel during cavity 
restoration of DI affected teeth is advocated whenever possible. Furthermore, 
application of the ultrasonication theory through the use of an ultrasonic probe 
during etching of cavities can be experimented with, thus aiding in better 
demineralisation and exposure of collagen network prior to bonding and restoration. 
Further studies of DI/OI collagen mechanical properties will hopefully guide us into 
better understanding of their possible effects on restoration bonding and adhesion 
properties. 
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6.7 Conclusion 
  
In summary, a modified demineralisation protocol comprising of acid sonication 
resulted in much clearer topographic images. In general, demineralisation protocols 
should ideally be sample – specific and tailored to each sample examined, however, 
further experimentation will need to be done to confirm its worth. After translation of 
data obtained from AFM and SEM imaging, it was found that collagen network 
exposure was reached after use of a standardized protocol of 15 s of sonicated 
etching using 37% phosphoric acid and 5 s of deproteinisation using 6.5% sodium 
hypochlorite. It was therefore concluded that it was crucial to ensure reaching a 
balance between removing minerals, exposing collagen, and not denaturing it, 
which is the main aim of this study. Furthermore, D-banding periodicity average 
values were consistent with literature, and where statistically insignificant when 
compared with DI and OI samples. However dentinal tubules and fibril diameter, and 
overall fibril meshwork arrangement were seen to vary considerably. Finally, micro-
spheroid structures were noted on OI and DI sample surface, suggesting possible 
alteration of the mineral matrix, however the exact nature and identity of these 
structures is yet to be determined. 
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Chapter 7 Future Work 
 
• Acquiring more samples through anomalies clinic at EDH. 
 
• Possible further experimentation with acid concentration, acid type, and 
sample preparation techniques used in demineralisation protocols. 
 
• Experimenting with etching techniques within a clinical setting, and 
determining the applicability of ultrasonication in regards to teeth restoration. 
 
• Further analysis of microspheres found in DI and OI samples to determine its 
exact nature and possible affects on the altered dentinal and collagen 
ultrastructure in OI and DI teeth samples. 
 
• Specific Sample Mapping and investigation of collagen mechanical 
properties, thus determining a possible effect on restoration bonding and 
adhesion properties. 
 
• Collecting saliva samples in correlation with collected teeth samples, in 
hopes to one day develop a genotype and collagen ultrastructure versus 
phenotype database, and review of the current DI classification. 
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Appendix 1 
 
 
Version 1 
Study Number 
Patient Identification Number for this trial: ……… 
 
PARENTCONSENT FORM  
 
Title of Project: 
 
A Study of the genotype and phenotype in Dentinogenesis 
Imperfecta 
 
Name of Researchers: Dr Susan Parekh, Dr Agnes Bloch-Zupan, Dr Peter Brett, Dr Laurent 
Bozec, Miss Amanda O`Donnell, MashaelAbdullatif, Nurjehan Mohamed Ibrahim and 
NabilahHarith.         
_________________________________________________________________________
________ 
   Please initial box 
 
1.   I confirm that I have read and understood the information sheet dated 21/12/10 
(version 1) for the study. I have been allowed some time to think about this, ask questions,  
and have had these answered in a way that I understand. 
 
2.    I understand that my child’s is voluntary and that I am free to withdraw at 
any time, without  giving any reason , without their medical care or legal rights being 
affected.  
 
The Eastman Dental Hospital  
256 Gray's Inn road  
London  
WC1X 8LD 
Telephone:  020 3456 7899 
Direct Line: 020-3456-1067 
Fax:  020-3456-2329 
Web-site: www.uclh.nhs.uk 
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3 .   I understand that sections of any medical notes may be looked at by the researchers 
and responsible individuals from regulatory authorities where it is relevant  
to my child taking part in research. I give permission for these individuals to have access to 
my child’s records. 
 
4.   I give permission to the investigators to pass clinical data collected from my child’s  
examination to my General Practitioner or General Dental Practitioner 
 
 
5.   I understand that the samples taken from my child may be stored and used for the 
purpose of further research at a later date. I understand that these results will also remain  
anonymous. 
 
6.   I understand that (this project or future research) will include genetic research aimed at 
understanding the genetic influences on dental defects in children. 
 
7.   I agree for my child to take part in the above study.                                                                         
 
 
_______________ ________________ 
____________________________________________ 
 
Name of Patient   Date     Signature of parent 
 
 
_________________ ________________ 
__________________________________________ 
Name of Person   Date     Signature  
taking consent  
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When completed, 1 for patient; 1 for researcher site file; 1 (original) to be kept in medical 
notes . For further information about this study please contact Dr Susan Parekh  
 Phone : 020 3456 1067 email: s.parekh@eastman.ucl.ac.uk 
UCLH welcomes feedback from their patients who have been involved in research.  In the 
first instance, you should inform the Principal Investigator. If you are not satisfied with the 
response of the research team then you should address your complaints to the UCLH 
complaints manager at UCLH postal address or through our website 
http://www.uclh.nhs.uk/Contact+us/. To help us identify the research study you have been 
involved in, please mention the title and the name of the research doctor or principal 
investigator. You can find this information on the Patient Information Sheet. 
 
 
Appendix 2 
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 Appendix 3 
 
Dental anomalies proforma 
Study ID:............................. 
Date of clinic:……………………. Pt sticker: 
Clinician name:……………………………..     
 
Ethnicity:  White Mixed Black Asian Chinese    
Other.................................................... 
Referred by:    GDP CDS HDS GP Other:……………………
………….. 
c/o:    Nil pain sens appearance Other:…
………….. 
 
Relevant medical history:……………………………………………
................................................................................................................... 
.............................................................................................................................
...................... 
Fluoride history:  supp Y/N water Y/N toothpaste child/adult 
Dental history:  restn Y/N ext Y/N LA Y/N sed Y/N 
Family history (inc family tree):      
score:   
Extra-oral features: Skeletal pattern I II III 
Hair:  normal/sparse  skin:………………… 
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face:………….  hands/nails:………….  Other:…………… 
Introral features:  lips gingiva palate  m 
ucosa sali 
 
 
 
 
Eruption:   early Y/N delayed Y/N  infraoccluded Y/N 
 impacted Y/N  
    General/local  Mild/mod/sev; teeth:……….          
Teeth:……………. 
 
Occlusion: Class I Class IIi ClassIIii ClassIII OJ=
 OB: complete / incomplete 
  AOB Y/N 
 
Dentine:  
      discoloured: Y/N  abscess: Y/N  tooth wear: mild / mod / sev 
(which teeth): 
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 Enamel: 
 
 
 
 
 
 
 
 
 
18 17 16 15 14 13 12 11 21 22 23 24 25 26 27 28 
 
 
               
DDE index: 
Location (L): 
1 incisal ½;  
2 gingival ½; 3 
whole surface. 
Demarcation 
of defect (D): 
1 
demarcated;2 
diffuse;3 both 
55 54 53 52 51 61 62 63 64 65 Extent of 
defect(E): 
1<⅓;2 ⅓ – ⅔;3 at 
least  ⅔. 
Wear:mildmild; 
Sevsevere 
 
 
         
85 84 83 82 81 71 72 73 74 75 
          
48 47 46 45 44 43 42 41 31 32 33 34 35 36 37 37 
 
 
               
Type of defect:0 normal;1 opacity (white/cream);2 opacity (yellow/brown);3 hypoplasia (pits); 4 hypoplasia 
(horizontal grooves);5 hypoplasia (vertical groves);6 hypoplasia (missing enamel);7discoloured enamel (not 
assoc. with opacity);8 post-eruptive breakdown;9 other defects; 
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  Number /Form /size: 
 
 
 
Radiographic f indings:        taurodont Y/N  thin enamel Y/N  
short    roots Y/N      pulp stones Y/N   
apical area Y/N resorption Y/N  
 
 
 
 
 
 
 17 16 15 14 13 12 11 21 22 23 24 25 26 27 28 
 
 
               
 55 54 53 52 51 61 62 63 64 65  
          
85 84 83 82 81 71 72 73 74 75 
          
48 47 46 45 44 43 42 41 31 32 33 34 35 36 37 37 
 
 
               
con conical;shovshovel;dbldouble;rog rounded or bulbous;taptapered;cet talon cusp;can abnormal 
cusp;nocnotched;micmicrodont;macmicrodont;invinvagination;envevagination;mihenlarged 
mamelons;pem enamel pearls;supsupernumerary;hyphypodontia 
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Diagnosis:  
 
 
 
Proposed treatment plan: 
 
 
 
 
Treatment to date: 
Al located to: 
Review on anomalies cl inic:    Y/N  when? 
Photographs Y/N    Sal iva Y/N 
Consents : Y/N 
 
 
 
 
 
 
 
 
 
 
 
 
